Samarium doped alkaline earth halides as red-emitting scintillators and phosphors by Dixie, Laura Catherine
Samarium doped alkaline earth halides as
red-emitting scintillators and phosphors
by
Laura Catherine Dixie
A thesis
submitted to the Victoria University of Wellington
in fulfilment of the requirements for a Doctorate of Philosophy in Physics
Victoria University of Wellington
2013

Abstract
This thesis is concerned with the manufacture, spectroscopic characterisation, and radi-
ation detection performance of three rare earth doped alkaline earth halides; these were
designed for scintillation or phosphor detection of x-rays and γ-rays. The materials are
transparent polycrystals of lanthanum or praseodymium stabilised cubic barium chloride
((La,Pr)0.125Ba0.875Cl2.125), BaCl2 - SrCl2 solid solutions, or single crystals of CaF2. The primary
dopant investigated was Sm2+ since this has a red emission in all the materials which is
well matched to the spectral sensitivity of silicon photodiodes. The cubic structure of the
polycrystalline materials is essential for optical transparency, and so the structural stability of
the materials has been investigated using x ray diffraction and thermal analysis. For CaF2
large single crystals were unintentionally produced without following the usual Bridgman-
Stockbarger or Czochralski methods. All of the materials showed predominantly Sm2+ ions,
and only in CaF2 could evidence of Sm3+ ions also be seen.
The spectroscopy of the 4f55d1 → 4f6 red emission, including lifetimes, and absorption of
Sm2+ ions in all these materials is reported; a strong thermal cross over to 4f6→ 4f6 emission
is observed and successfully modelled. A time correlated single photon counted system has
been built to measure the scintillation decay time of these materials. The system yields decay
times in excellent agreement with the literature values. The performance of the materials as
scintillators is limited to varying degrees by the formation of colour centres which slow the
electron-hole recombination process after x-irradiation. Ba0.3Sr0.7Cl2:Sm was found to be a
bright and fast x-ray phosphor. The integrated intensity (per x-ray half thickness of material)
of the radioluminescence is ∼ 30 % that of the commercial material, the scintillation lifetime
is ∼ 30 µs (c.f. milliseconds for Gd2O2S:Tb3+) and the imaging resolution is 6 LP/mm (c.f.
4.2 LP/mm for Gd2O2S:Tb3+). CaF2:Sm2+ was shown to be a red-emitting scintillator with a
decay time of ≤ 1 µs and a light output of 15,000 photons/MeV when cooled by dry ice. The
x-ray imaging resolution was high at 8.5 LP/mm. Several of the materials have been tested
for performance as neutron detecting phosphors by adding neutron capture elements such as
gadolinium or lithium, the strongest emission observed was 6 % the integrated intensity of
the standard material 6LiI(Eu2+).
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Chapter 1
Introduction
1.1 Scintillators and phosphors for x-ray and γ-ray detection
Scintillators and x-ray phosphors are materials of high atomic number which convert high
energy photons (γ-rays and x-rays) into tens of thousands of photons of lower energy,
generally in the visible range. The word scintillation comes from Latin where ’scintilla’ means
a spark. If the light emission happens on a fast time scale (> 1 µs) the material is called a
scintillator, if the timescale is longer the material is called a phosphor [1].
Historically the importance of scintillators and phosphors was first appreciated by Wilhelm
Ro¨ntgen in 1895. He discovered that a hitherto unknown radiation, which we now know
as x-ray radiation, passed through a human hand. The difference in absorption of the x-
rays between bone and tissue revealed the internal bone structure, and an image could be
formed on photographic film. However the film was not very sensitive to the x-rays making
the imaging process highly inefficient and requiring long irradiation times. The need for
a converter material, a phosphor, which could efficiently absorb an x-ray and convert the
energy to many more visible photons for subsequent recording on a visible-light sensitive
photographic film was immediately seen by Ro¨ntgen, and he initiated the search for efficient
scintillators/x-ray phosphors. Within a year of his discovery, calcium tungstate had been
discovered to be suitable for this purpose and subsequently it was in use.
Since then many scintillators and phosphors have been discovered, and have found appli-
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cations in medical diagnostics, industrial inspections, security and in scientific research [2].
Scintillators are the primary radiation detectors used in medical diagnostics and scientific
research, whilst phosphors are used in radiography, security and industrial component
inspection [3, 4]. There are varying requirements for different applications; the choice of
scintillator is based on the overall performance envelope and usually requires a compromise
among the many characteristic properties to best fit a given application [5].
Scintillators/phosphors can be crystalline solids, amorphous solids, liquids or gases and may
be organic or inorganic. The most commonly used scintillators for γ-ray and x-ray detection
are inorganic solid compounds. Most are comprised of a halide, oxide or sulphide crystal
with an additional luminescent dopant, the ”activator”. The absorption of γ-rays/x-rays is
determined by the properties of the crystal. The stopping power of the crystal for the high
energy photons is proportional to ρZ4eff (where ρ is the density and Zeff is the effective atomic
number) [6], and thus compounds of high density and high effective atomic number are
used. The transfer of energy from the lattice to the activator is determined by both the lattice
and luminescent dopant and is difficult to predict. The character of the final luminescence
(wavelength, decay time, etc.) depends on the particular activator. The decay time of the
luminescence, an important scintillator characteristic, depends on the probability of the final
radiative transition. Therefore, dopants which show transitions that are allowed by Laporte’s
rule (i.e. the final and initial states are of different parity) are commonly used. The inorganic
luminescent dopants which show such transitions are mainly those which form cations with
open outer shells. In recent years there has been a focus on utilising the allowed 4fn−15d1
→ 4fn transitions of rare earth ions because decay times are expected to be in the 10 - 100
ns range [7]. In particular Ce3+ has attracted a lot of attention, and lifetimes down to a few
nanoseconds have been found [1].
Scintillators/phosphors are always coupled to a photodetector to convert the visible light
produced into an electrical signal. Historically photomultiplier tubes (PMTs) have been
used and work well; however more recently there has been significant interest in the use of
silicon based photodiode photodetectors. Benefits of the silicon based photodetectors include
reduction of cost, size and ease of use. Silicon photodiodes are at least a factor of 10 - 50
times cheaper than PMTs, and this can be a significant factor in large installations such as
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Figure 1.1: Typical spectral sensitivity versus wavelength for the commonly used XP2020Q
PMT [9] and a silicon avalanche photodiode (S2383) [10].
positron emission tomography (PET) scanners which can have hundreds of photodetectors.
Also silicon is insensitive to magnetic fields, making combined magnetic resonance imaging
(MRI)/PET scans feasible. This would be a safer and more efficient technique than the
currently used PET/CT as no x-ray dose would be received and the scans could be done
simultaneously [8]. Silicon photodiodes are not only cheaper than PMTs per photodetector
but also do not require an expensive high voltage power supply [8].
While silicon photodiodes offer significant benefits, the two types of photodetectors are not
readily interchangeable electrically or optically, as they have very different quantum efficiency
curves. When coupling to a PMT the ideal emission wavelength is typically in the blue around
400 nm, whereas when using a photodiode-based detector the ideal emission is above 600
nm in the red region [11, 12]. Figure 1.1 shows wavelength responses typical of the two types
of photodetectors. The PMT sensitivity peaks at 400 nm while the photodiode sensitivity
peaks at 725 nm. As PMTs have historically been used, scintillator research and development
has primarily been focused on blue emission [13]. There is a lack of available red emitting
scintillators and phosphors that can be used with silicon photodiodes [11,14,15]. This has been
recognised in the literature, for example by Schotanus et al. (1992) ”Unfortunately very few
scintillation crystals are known with a significantly large light output in the wavelength region
above 500 nm for effective readout with photodiodes” [14]. In 1998 Moses et al. attempted
to address this, ”We are extending this search to cover longer emission wavelengths, since
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applications utilising silicon photodiodes as optical detectors would benefit from scintillators
that emit in the 550 to 1050 nm wavelength region” [11]. Still in 2002, Rodnyi et al. noted
there was still a need of red emitting materials, ”Commonly used silicon photodiodes exhibit
an efficient sensitivity in the range from 500 to 1000 nm, this generates a need for long
wavelength scintillators” [15]. While there have been some developments of red-emitting
scintillators such as that of Lu2S3:Ce3+ by Huber et al [16] this remains a current issue, as
noted by Yanagida in 2012 [6]. A longer wavelength will also reduce losses in fibre so is
desirable for applications requiring the use of fibre optics [11]. Thus the motivation for this
thesis is to explore materials which may fulfil the requirements for red or near infra red
scintillators and phosphors.
1.2 Preview of this thesis
This thesis describes work on the development of red-emitting scintillators and phosphors,
and is organised as follows. Chapter 2 presents some background to the detection of γ-rays
and x-rays. Chapter 3 reviews the scintillation process and the performance and requirements
of scintillators and phosphors in various applications. Chapter 4 discusses some of the
spectroscopy and materials science involved in the development and characterisation of
scintillators. Chapter 5 describes the experimental techniques and equipment used. Chapter
6 details the building of a time correlated single photon counting system and the performance
of the system. Chapters 7 - 9 relate the investigation into the scintillation properties of various
rare earth doped materials. In Chapter 7 the results for lanthanum stabilized cubic BaCl2:Sm2+
are presented. In Chapter 8 the results for Ba0.3Sr0.7Cl2:RE2+ (RE = Sm or Eu) are presented.
In Chapter 9 the scintillation properties of CaF2:Sm2+ are reported. Finally in Chapter 10 the
results are summarised and an outlook for future work in field is provided.
Chapter 2
X-rays, γ-rays - Detection principles
2.1 Origins and discovery
There are various types of ionizing radiation whose detection is of interest: α particles, β
particles, γ rays, x-rays and neutrons. Radiation is detected by its interaction with matter
and these different radiations all interact differently with matter. α and β particles (helium
nuclei and electrons or positrons respectively) are charged particles and interact with matter
primarily through the coulomb interaction. This directly causes excitation or ionization of
atoms, hence these are called directly ionizing forms of radiation. γ-rays, x-rays and neutrons
are called indirectly ionizing radiation as the photons or particles have no charge, and so
interact with matter indirectly via electromagnetic or nuclear interactions. This thesis focuses
on γ-ray and x-ray detection.
γ-rays and x-rays form part of the continuous spectrum of electromagnetic radiation. Gen-
erally x-rays are of lower energies (124 eV - 124 keV, or wavelengths of ∼ 10 nm - 100 pm)
compared to γ-rays (& 124 keV or . 10 pm). However, the nominal distinction between the
two arises from the origin of the radiation. γ-rays generally originate inside the nucleus while
x-rays generally originate from the strongly bound electron shells. A γ-ray is a result of a
nuclear reaction such as α decay, β decay, fission and fusion which all leave the nucleus in
an excited state; a γ-ray is then emitted as the nucleus decays to a lower energy state. This
is schematically depicted in figure 2.1(a). γ-rays emitted from nuclear decays have fixed
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(a) (b)
Figure 2.1: Schematic depiction of (a) γ-ray production [17] and (b) x-ray production [18].
energies characteristic of the decay.
The production of x-rays is depicted in figure 2.1(b). The paths of incident electrons 1 to 3
illustrate that when a fast moving electron comes close to a positive nucleus it experiences a
strong coulombic force and is decelerated and deflected from its path. The attractive force
to the nucleus is much greater than the repulsion from the electron cloud due to the density
of charges in the nucleus. As for any charged particle undergoing acceleration the electron
will lose energy by radiating one or more photons. When the deceleration is large, such as
when a high speed electron impinges on a solid material, the radiation will have a continuous
distribution of energy centered on energies corresponding to wavelengths of λ ∼ 1A˚. These
very high energy photons are called x-rays and the process by which they are produced is
the ”bremsstrahlung” or ”braking” process. Alternatively the electron may interact with an
electron in an inner shell (such as incident electron 4 in figure 2.1(b)), ejecting this electron
from the shell, in which case an electron from a higher energy shell will drop down to fill the
hole emitting a characteristic x-ray in the process.
Figure 2.2(a) shows a representative x-ray spectrum produced for incident electrons on
copper. The maximum energy for x-rays occurs in the above process when an electron gives
up all its kinetic energy as radiation on its first collision. This gives a well defined maximum
on the x-ray spectra labelled Emax, and shown with the vertical dotted line in figure 2.2(a).
Normally the electrons undergo more than one collision and give off multiple photons of
various energies as well as losing some energy to the lattice as heat, and this leads to a smooth
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(a)
(b)
Figure 2.2: (a) A representative x-ray spectrum [4]. (b) The possible inner electron transitions
as labelled [4] .
distribution of x-ray energies up to the maximum. The sharp lines in figure 2.2(a) occur when
a high energy electron interacts with an inner shell electron transferring a large amount of
energy, sufficient to remove an inner shell electron, for example from the K-shell. This leaves
a vacant hole in the K-shell which can then be filled by any electron in a higher shell dropping
down and emitting a photon of appropriate energy. The possibilities for this transition are
shown in figure 2.2(b). The L shell electrons have the highest probability of dropping down
followed by those in the M shell. This leads to the sharp lines corresponding to the energy
difference between the K shell and the L or M shell observable in figure 2.2(a) (Kα and Kβ
respectively) [4].
2.2 Applications
The detection of different types of radiation is an essential part of a wide range of applica-
tions of radiation sciences. Most people are familiar with the use of x-rays in radiography
and mammograms to image the human body; these are just two of a very broad range of
applications. In radiation oncology, x-rays or γ-rays are used to kill malignant cells as part of
cancer treatment. Fluoroscopy uses x-rays to obtain real-time moving images of the internal
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Figure 2.3: Mass attenuation coefficients for adipose tissue (black), cortical bone (red), lead
(blue), water (green) and lead (red) [19]. The sharp discontinuities in the lead and bone curves
are due to absorption edges.
structures of a patient. In x-ray astronomy the x-rays emitted from astronomical objects are
detected, providing information on the gaseous reactions occurring. In positron emission
tomography (PET), the γ-rays emitted due to positron-annihilation reactions are detected to
provide three dimensional imagery of internal processes in the human body. In a research
context the energy of γ-rays emitted in high energy particle collisions provides information
on the energies of the particles involved and the interactions that have occurred. X-ray
diffraction provides structural analysis of chemical compounds. X-ray fluorescence is used
for analysis of chemical elements by observing the x-ray emissions which are characteristic
to elements. It is also important to be able to detect γ-radiation for security reasons; γ-rays
are a common by-product of nuclear reactions and the detection of a high flux of γ-rays can
indicate the presence of harmful radioactive materials. These dangerous materials can also
potentially be identified based on the energy spectrum of the γ-rays emitted. Furthermore,
γ-rays and x-rays themselves are harmful to humans so it is important to be able to detect
them and measure the dose rate. All these various applications require the detection of
x-rays or γ-rays and offer significant advantages compared to any other method, or are the
only feasible technique. For example, consider a x-ray image of a fractured arm; there is no
other technique which can tell if it is fractured or not which is as fast and inexpensive and is
painless.
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While there are a wide array of applications for x-rays and γ-rays, the most common is
non-invasive or non-destructive imaging of internal structures. γ-ray and x-ray beams are
attenuated as they pass through a material with the attenuation depending on the thickness of
the material, the atomic number of the material and the x-ray/γ-ray energy. This is described
by the mass attenuation coefficient (µ), a measure of the attenuation of a γ-ray or x-ray beam
of a given energy per unit thickness of a given material.
The mass attenuation coefficient is unique to each element; Figure 2.3 shows the mass
attenuation coefficient for lead, water, cortical bone and tissue - representative materials
which commonly need to be distinguished in x-ray/γ-ray imaging. As the atomic mass
and/or thickness increases the absorption increases. After passing through an object the
spatial variation of the x-ray beam intensity in the plane normal to the beam thus provides a
projected image of the internal structure. This is the principle behind x-ray imaging.
2.3 Methods of detection
While x-rays and γ rays have different origins they are both electromagnetic radiation, and
are identical for detection purposes. Hence we use the term γ-rays here in a broad sense
to encompass x-rays. γ-rays are detected by observing the effect they have on matter. The
electromagnetic nature of γ-rays means they interact strongly with the charged electrons in
the atoms of all matter, and this is how they are detected. The key process by which a γ-ray
interacts with matter is ionization, where it gives up part or all of its energy to an electron.
This highly energetic electron collides with other atoms and liberates many more electrons,
leaving behind positive ions. The liberated charge is collected to register the presence of
the γ-ray and measure its energy. The final result can be an electrical pulse with a voltage
proportional to the energy deposited in the detecting medium for ”direct” detectors or, as for
scintillators (”indirect” detectors), a light pulse which results when the electrons and holes
recombine [20]. There are three main techniques of detecting γ-rays: ionisation chamber
detection, semi-conductor detection and scintillation detection; these are described briefly in
what follows.
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(a)
(b)
Figure 2.4: (a) Depiction of a basic ionisation chamber detector [21]. (b) Plot of ionisation
chamber detector current output against anode voltage showing different operational regimes
[22].
2.3.1 Ionisation chamber detectors
Ionisation chamber detectors are the simplest detectors and basically consist of a metal
chamber filled with gas and containing a positively biased anode wire in the centre. This is
depicted in figure 2.4(a). A γ-ray which interacts with the gas will produce free electrons and
ions via ionization. The electrons are attracted to the anode and produce an electrical pulse.
For most applications a noble gas, such as argon, is used in a sealed chamber at pressure
(8 - 10 atm) [20]. The pressure increases the chance of ionization and hence sensitivity. The
performance characteristics depend critically on the voltage applied as shown in figure 2.4(b).
At low anode voltages some electrons may recombine with gas ions before reaching the anode
and subsequently not all γ-rays are detected. However as the voltage is increased a level is
reached such that nearly all electrons are collected, and in this region the detector is known as
an ionisation chamber [20, 23]. Operated in this regime, the detectors are used for dosimetry.
As the voltage is increased the electrons have a higher acceleration towards the anode and
may cause further ionisations in an ”avalanche” effect depending on how energetic they are.
The resulting anode pulse amplitude depends approximately linearly on the energy of the
γ-ray and this region is therefore known as the proportional counter region [20, 23], and may
be used for low resolution spectroscopy. At even higher voltages the space charge produced
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by residual ions inhibits further ionisation, and so the charge deposited saturates. This region
is known as the Geiger-Mueller counter region, where the electron multiplication is large,
such that no further amplification is required for pulse counting [23]. The charge collected
is independent of the initial energy and provides no information on the γ-ray energy. On
further increase of the voltage, continuous discharge and breakdown occurs [22].
2.3.2 Semiconductor detectors
A semiconductor (or solid state) detector is made of a semiconductor doped to have a hole
rich region (P), an intrinsic region (I) and an electron rich region (N) in a sandwich structure,
this is known as the PIN diode structure and is depicted in figure 2.5. The I region is the γ-ray
sensitive region. Incident γ-rays ionise atoms and the resulting electrons and holes are pulled
to their respective electrodes by the large applied electric field. The consequent charge pulse
can then be integrated by a pre-amplifier and converted to a voltage pulse with an amplitude
proportional to the γ-ray energy [23].
The most popular early designs used lithium-drifted germanium (Ge(Li)) as the detection
medium. The lithium served to inhibit trapping of charge at impurity sites in the crystal
lattice during the charge collection process as this lowers the efficiency. In recent years,
manufacturers have produced hyperpure germanium (HPGe) crystals, essentially eliminating
the need for the lithium doping and simplifying the operation of the detector [20,24]. Another
popular solid-state detector material for photon spectroscopy is lithium drifted silicon (Si(Li))
[20]. The lower atomic number of silicon compared to germanium reduces the efficiency, but
this type of detector has been widely used in the measurement of x-ray spectra in the 1 to 50
keV energy range and finds some application in x-ray fluorescence measurements.
Both silicon and germanium detectors have to be cooled in order to suppress the thermal exci-
tation of electrons across the energy gap of∼ 0.7 - 1 eV. In an attempt to avoid this operational
constraint the possibility of room-temperature semiconductor materials such as CdTe, HgI2,
and GaAs has been extensively researched [24]. Their higher average atomic numbers than
silicon or germanium provide greater photoelectric efficiency per unit volume of material
and they do not require cumbersome cooling. However, these detector materials have limited
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Figure 2.5: Depiction of a typical germanium semiconductor set-up [25].
applications largely because it has not been possible to produce crystals sufficiently large for
the detection efficiencies needed [20].
Amorphous selenium is another semiconductor detector which requires no cooling. It is used
for mammography but the low atomic mass offers poor attenuation of γ-rays so cannot be
used for applications with higher energies. Because the selenium is used in the amorphous
form large plates can be made by evaporation. This is in contrast to other semi-conductor
materials which cannot be made into large area detectors easily [26].
2.3.3 Scintillators
A scintillator offers indirect measurement of the radiation as opposed to the two direct
methods discussed prior, that is to say the output when γ-rays or x-rays are detected is a
light pulse which must undergo further conversion to an electrical pulse by a photodetector.
The sensitive volume of a scintillation detector is the entire scintillator volume viewed by a
photodetector which responds to the γ-ray-induced light emissions. When γ-rays penetrate
a scintillator material they generate a large number of electrons and holes, corresponding
to ionisations in a gas, but in the solid the ’ionisation’ is in the form of an excess of carriers
(electrons, holes) in the conduction and valence bands. Electrons and holes subsequently
recombine with the emission of one or more photons. In a pure inorganic scintillator crystal,
the recombination with the emission of a photon is generally an inefficient process. Further-
more, the emitted photons are usually too high in energy to lie in the range of wavelengths
to which photodetectors are sensitive. For this reason small amounts of luminescent im-
purities are added to most scintillators to enhance the emission of visible photons. Crystal
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Figure 2.6: Depiction of a typical scintillator detector, in this case the photodetector is a
photomultiplier tube.
de-excitations channelled through these impurities give rise to luminescence that can activate
the photodetector. One important consequence of luminescence through impurities is that
the bulk scintillator crystal must be transparent to the scintillation light. Figure 2.6 shows the
typical arrangement of components in a scintillation detector. In this case a photomultiplier
tube (PMT) is used as the photodetector.
A common scintillator encountered in γ-ray measurements is thallium-doped sodium io-
dide NaI(Tl). The scintillation light is emitted isotropically; so the scintillator is typically
surrounded with reflective material (such as powdered MgO) to minimize the loss of light.
The scintillator is optically coupled by direct contact to the photodetector which provides am-
plification and conversion to an electrical pulse. The magnitude of the pulse is proportional
to the initial amount of energy deposited by the γ-ray provided there are no light losses from
the scintillator. However the deposited energy shows variation even for a monoenergetic
γ-ray source; this is due to statistical fluctuations associated with how the γ-ray transfers its
energy to the material [20]. Some other common inorganic scintillation materials are caesium
iodide (CsI), zinc sulphide (ZnS), lithium iodide (LiI) and more recently bismuth germanate
(Bi4Ge3O12) and LaBr3:Ce3+ [22, 24, 27].
2.3.4 Comparison of x-ray and γ-ray detectors
There are three main specifications on which the performance of a γ-ray detector is judged.
The first being the absolute efficiency; the number of photons emitted by the scintillator per
γ-ray emitted by the source. The second is the energy resolution; the variation in the pulse
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size for a mono-energetic γ-ray source. The third is the response time which limits the count
rate achievable. Some typical performance characteristics are summarised in table 2.1.
The absolute efficiency of ionisation chamber detectors is much lower than that of semicon-
ductors and scintillators. This is because the low atomic numbers of the gases used mean
there is a low probability that a γ-ray will interact with the gas. Silicon, germanium and
selenium based detectors also suffer from low absorption coefficients - particularly at high
energies. However, a larger issue for the semi-conductor detectors is insufficient electron-hole
collection. To maximise the collection of electrons and holes and increase their drift velocity
both silicon and germanium detectors require relatively high voltages (∼ kVs). This results
in an additional noise in the current response and leads to problems of surface conductance
and voltage breakdown. Scintillators have the highest absolute efficiency owing to their high
density and atomic number.
Semiconductor detectors achieve higher energy resolution than scintillators or ionisation
chamber detectors. This is because the energy required to create an e-h pair in a semiconductor
is small (less than ∼ 3 eV), compared to a scintillator (∼ 10 eV) or a gas detector (∼ 30 eV).
This means statistical fluctuations in energy deposited in the detector have much less effect
as there are more charge carriers [22–24, 32]. Optical absorption of emitted photons before
they escape the crystal also lowers the energy resolution of scintillators. While scintillator
detectors will never achieve the energy resolution of germanium detectors the recently
discovered LaBr3:Ce3+ offers much higher resolution than previously achieved with inorganic
scintillators [27].
Scintillators offer superior timing responses than semiconductors and ionisation chambers.
Even operating at high voltages, silicon and germanium detectors have response times of
over 100 ns. This is much slower than a fast scintillator such as LaBr3:Ce3+ which has a decay
time of ∼ 30 ns. Also, for semiconductors, the rise time of the output pulse depends on the
position at which the electron-hole pairs were created. This complicates the measurement
for timing applications as one cannot use a leading edge trigger or even a standard constant
fraction discriminator trigger. Ionisation chamber detectors operating in the proportional
or Geiger-Mueller mode are only suitable for low count rate applications as there is a long
dead-time required for the space charge to dissipate. A fast response is critical for timing
2.3. Methods of detection 15
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applications such as PET and those requiring photon counting. Scintillators are almost
exclusively used for these purposes [20, 23, 24, 32, 33].
Both ionisation chambers and scintillators can be made into very large area detectors. In
particular, a scintillator can be powdered and bound in a resin to make a large sheet. This
cannot be done for a semiconductor; semiconductors are very size constrained by the size of
available ingots. Silicon and germanium detectors also require cumbersome cooling to liquid
nitrogen temperatures. Semiconductors which are not limited to low temperature operation
show inferior resolution to germanium and have not yet been made into sufficiently large
crystals for widespread use.
While ionisation chamber detectors are very simple to use and inexpensive, their applications
are basically limited to dosimetry. Geiger-Mueller counters are used for personal dosimetry
[34]. Very large ionisation chambers, operated in the proportional counter region, are used
in hospitals for absolute dosimetry measurements. High resolution γ-ray spectroscopy
is generally performed with semiconductors, particularly germanium, as these offer the
highest energy resolution. However, as discussed in section 2.2 these are a very small part
of the varied applications. Almost all other applications utilise phosphors or scintillators
[20, 23, 24, 32]. While amorphous selenium is now widely used for mammography, generally
all other radiography is performed by x-ray phosphors coupled with a complementary metal-
oxide-semiconductor (CMOS) or charge-coupled device (CCD). Applications such as PET,
calorimetry and others utilise scintillators because the light output, timing, large detector size
and operating conditions make scintillators the best choice.
2.4 Photodetectors
As mentioned above, a scintillator provides an indirect detection of the γ-ray as it must be
coupled with a photodetector. Photomultiplier tubes (PMTs) or silicon avalanche photodiodes
(SAPs) are used almost exclusively to detect the emission from a scintillator under γ-ray
irradiation; the advantages of each are discussed in what follows.
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2.4.1 Photomultiplier tubes
PMTs are very sensitive light detectors that are useful in low intensity applications such
as fluorescence spectroscopy [35]. As shown in figure 2.7 a PMT consists of an evacuated
glass tube. On the surface of one end is a photocathode coating of a low work function
material such as Sb-Cs or Sb-K-Cs. At the other end of the tube is the anode, and between
the two is a set of ∼ 8-16 dynodes. The cathode is generally held at a high negative voltage
(-1000 to -2000 V); a resistive voltage divider then distributes the voltage to the dynodes, and
leaves the anode at 0 V. The divider design influences the frequency response and can be
adjusted to suit the application. When photons of an appropriate wavelength are incident
on the photocathode an electron may be ejected via the photoelectric effect. This electron is
accelerated down the tube by the electric field towards the first dynode, which is usually ∼
100 V positive with respect to the cathode. When this electron strikes the surface it produces
several secondary electrons which are then accelerated to the next dynode (held at a higher
voltage). This continues in an avalanche effect down the PMT until finally approximately 106
electrons per incident photon have been produced and these hit the anode creating a large
charge pulse.
The low work function of the cathode means it is also possible to get thermal (i.e. non-optical)
emission of electrons at room temperature, leading to undesirable noise (dark noise) in
measurements, so the PMT may need to be cooled in high sensitivity experiments. Noise also
arises due to the discrete nature of electric current; this is called shot noise. The gain of a
PMT is given by δn where n is the number of dynodes (typically 8-16) and δ is the secondary
Figure 2.7: A diagram of a photomultiplier tube [35].
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emission coefficient for each dynode (typically 2-3) [36]. The spectral sensitivity (S) represents
the photocurrent from the photocathode per watt of incident power; this depends on the
wavelength of the light (λ) and is given by
S = µλ
e
hc
(2.1)
Where h is the Planck constant, c is the speed of light in a vacuum, e is the elementary charge
and µ is the quantum efficiency of the PMT. The quantum efficiency is given by ratio of the
numbers of photo-ejected electrons to the incident photons. The peak quantum efficiency for
a PMT generally between 400 and 450 nm and is ∼ 0.30.
2.4.2 Silicon based detectors
Silicon based photodiode detectors can be used directly for radiation detection in the form of
PIN diodes as discussed above, but, they can also be used for detecting light from a scintillator
when fabricated as simple PN diodes or avalanche photodiodes. Figure 2.8 shows a schematic
of a silicon avalanche photodiode detector (SAP). A silicon photodiode is essentially a PN
junction consisting of a positively doped (P) region and a negatively doped (N) region with a
depletion region between. Incident light excites electrons into the conduction band leaving
holes in the valence band. The electrons and holes drift to the cathode/anode respectively and
if a circuit is connected current will flow that is proportional to the light intensity. While these
Figure 2.8: Structure of a silicon avalanche photodiode [37].
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Figure 2.9: Typical spectral sensitivity versus wavelength for the commonly used XP2020Q
PMT [9] and a silicon avalanche photodiode (S2383) [10]. This figure is repeated from figure
1.1
detectors are useful, the lack of internal gain hinders their performance. SAPs are specialised
silicon photodiodes designed to operate in reverse mode and offer internal gain. A large
reverse voltage is applied to the junction and creates a strong electric field. Electron-hole pairs
that experience this field gain enough energy to create further electron-hole pairs (impact
ionisation). In this multiplicative manner the SAP achieves internal gain. Unfortunately all
silicon based detectors suffer from substantial inherent thermal noise. This is because the
small band gap of silicon allows for thermal excitation of electrons, and this is registered as
dark current.
2.4.3 Comparison of photodetectors
SAPs offer higher spectral sensitivities than PMTs and over a wider range of wavelengths
as can be seen in figure 2.9, but the sensitivity is entirely located in the red/near infra-red
region on the spectrum.
SAPs are rugged, compact and insensitive to shock and vibration whereas PMTs are much
larger, fragile and contain a vacuum which may degrade over time. SAPs offer a higher
dynamic range (the intensity range over which the response is linear) of > 106 as compared
to PMTs (∼104) which are limited by electron build up at the anode [38]. SAPs do not require
as high voltage for operation as PMTs. SAPs are particularly of interest for medical systems
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based on magnetic resonance imaging (MRI) as they are insensitive to magnetic fields which
deflect the electrons in PMTs. SAPs recover instantly from high light exposure compared to
PMTs which require a significant recovery time or may be damaged permanently.
PMTs do however offer far superior internal gain (∼ 106) than SAPs (∼ 350). This means
PMTs are much more appropriate for single photon counting applications than SAPs. The
dark current in SAPs and the lack of gain prevents SAPs performing well in single counting.
For most other applications spectral sensitivity is more important than gain in determining
overall performance and the SAP is superior [38–40].
Chapter 3
Scintillators & phosphors - Principles &
performance
3.1 Introduction
In this chapter we discuss some attributes of the current inorganic commercial scintillators,
their applications and limitations. We discuss the scintillation mechanism, with a focus
on rare earth activation. There are many different scintillation mechanisms with many
complexities, this is a large area of current research, so the following merely provides a
general overview.
The development of photomultiplier tubes around 1934 stimulated research into scintillators.
Since then there has been a constant market for scintillators and consistent research into
materials which may show improvements in one of the many defining characteristics. High
energy physics research is a large driver of developments. Extensive work on production
processes of Bismuth Germanate (BGO) was carried out to allow it to be used in the Large
Electron Positron Collider (LEP) where a high density material with a lifetime shorter than 1 µs
was required. During the period 1990 to 2000, much research went into scintillators to be used
for the Large Hadron Collider (LHC). These scintillators needed to be of very high density and
have fast lifetimes but the light output was not critical, and this program lead to the discovery
of PbWO4. Eighty thousand PbWO4 crystals are in use in the Compact Muon Solenoid and
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another 18,000 in ALICE (both part of the LHC). Today with scintillators in demand for many
applications, new scintillator materials are constantly being investigated.
As mentioned earlier x-ray phosphors are scintillators for which the luminescence has a
microsecond or longer time-scale decay. These are used in applications where the signal is
time integrated such as computed tomography (CT), scanners rather than pulse counting
applications. Security scanning systems at airports and ports worldwide use CdWO4 coupled
with silicon photodiodes. CT scanners generally make use of Gd2O2S:(Ce3+ or Pr3+) coupled
with silicon photodiodes [6]. X-ray phosphors are the basis of most scientific x-ray imaging
systems [36].
3.2 Scintillation mechanism
In very general terms a scintillator or phosphor can be thought of a wavelength shifter,
absorbing incident x-rays or γ-rays and re-emitting the energy as UV or visible range photons.
The process is complex and can be divided into four stages as depicted in figure 3.1 [41]. In
the first stage a scintillator or phosphor absorbs an x-ray or γ-ray photon which, through
the photoelectric effect or Compton scattering, creates primary electrons and holes. In the
second stage these relax to produce numerous secondary electrons, holes, photons, plasmons
and other electronic excitations. These secondary electrons and holes then de-energize
through electron-phonon interaction to give electron-hole pairs with near band gap energy.
The third stage involves the transport of the electron-hole pairs through the material to
a luminescent centre (trap) and the excitation of the luminescent centre. The final stage
concerns the resulting luminescence [13]. These four stages are described in more detail
in the following subsections. Materials which have a high light output and short lifetime
under photoexcitation may have a very low light output and/or long lifetime under x-ray
or γ-ray excitation. This is due to the energy losses and delays in the energy migration
processes which are absent in photoluminescence where the luminescent centre is directly
and intentionally excited.
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Figure 3.1: Diagram of scintillation mechanism for a rare earth doped material [41].
3.2.1 Absorption of x-rays or γ-rays
As discussed in chapter 2 the distinction between x-rays and γ-rays is not of particular
importance for detection purposes. We therefore again use the term γ-rays in a broad
sense encompassing x-rays. As high energy photons, γ-rays interact with matter as for any
electromagnetic radiation, a quantum of energy may be completely or partially absorbed, or
a scattering event may occur. If a monochromatic γ-ray beam of intensity I0 is incident on a
material of thickness x, the beam intensity will be reduced to I following the Lambert-Beer
law
I = I0 exp(−µx) (3.1)
where µ is the linear absorption coefficient of the material. µ is dependent on the atomic
species and the density (ρ) of the material, and also varies with γ-ray energy. Shown in figure
3.2 is the contribution to overall γ-ray absorption of the Rayleigh scattering, the photoelectric
effect, Compton scattering and pair production for iron. Within the range of keVs - MeVs the
dominant process is the the photoelectric effect, and above ∼ 1000 keV Compton scattering
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Figure 3.2: Overall γ-ray absorption and contribution from Rayleigh scattering, photoelectric
effect, Compton scattering and pair production for iron [42].
dominates. Pair production may occur if the γ-ray energy is over 1.02 MeV (2me), but in
practice requires much higher γ-ray energies.
3.2.1.1 The photoelectric effect and Compton scattering
The photoelectric effect occurs when a photon transfers all of its energy to a bound electron
providing it with sufficient ionization energy to escape, and any excess energy appears as
kinetic energy.
Compton scattering is the near elastic scattering of γ-rays by electrons. The photon scatters
off the electron and in doing so transfers sufficient energy for the electron to be ionized,
the γ-ray then continues on a deflected path with less energy. By treating the photon and
electron collision as elastic, the conservation of energy and momentum give the Compton
effect equation
∆λ =
h
mec
(1− cos(θ)) (3.2)
Where ∆λ is the difference in wavelength between the incident and scattered photons, h is
the Planck constant, me is the electron rest mass, c is the speed of light and θ is the angular
difference in the paths of the incident and scattered photons. This equation gives the increase
in wavelength (decrease in energy) of the scattered photon compared to the incident photon.
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By setting the angle to 180 ◦ the wavelength change is maximised giving the ”Compton edge”
in γ-ray spectroscopy.
Absorption of γ-rays is most efficient for materials of high atomic number, and the absorption
coefficient increases as the γ-ray energy decreases (provided the energy is sufficient to
excite a K shell electron, below which there is a discontinuity). The cross section for the
photoelectric effect (κPE) per atom of atomic number Z, for a photon of energy E (eV) is
approximately [43]
κPE ∼ Z
n
E3.5
(3.3)
with n varying from 4 to 5.
For Compton scattering the cross section (κC) per atom is approximately [43]
κC ∼ Z
E0.5
(3.4)
Regardless of which interaction occurs the incident γ ray ionizes an inner shell electron from
the atom creating a highly energetic electron in the conduction band and hole in a core band
in less than a picosecond. These are the ’primary’ or ’hot’ electrons and holes. The core hole
rapidly thermalises to the valence band through an Auger process mechanism.
3.2.2 Thermalisation
At this stage the high mobility high energy electron and lower mobility hole now move
through the crystal lattice colliding with more atoms and ionizing more electrons (outer
shell electrons) to the conduction band, with corresponding holes in the valance band. This
avalanche continues creating more and more ’secondary’ electron hole pairs of much lower
energy until they have insufficient energy to ionize any further electrons. The average energy
required to ionize an atom is empirically 2 - 3 times the band gap of the material [12,41]. This
all happens very quickly, over ∼ 1 picosecond [41].
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Figure 3.3: Selected crystal defects depicted in NaCl [12].
3.2.3 Energy migration
The energy migration stage which covers the transfer of energy from a multitude of electron
and hole pairs in the conduction band and valence band respectively to excited lumines-
cent centres is the most variable and difficult to predict, yet critical to the performance
of the scintillator [41]. Ideally during this stage luminescent centres become excited due
to impact excitation by hot electrons, sequential electron-hole capture (or sequential hole-
electron capture). However before this can happen the electrons and holes may be become
trapped.
There are many different types of trapping which may occur, for example by defects and
impurities in the lattice, self-trapping by the crystal lattice, and the formation of impurity-
bound excitons [44]. Some trapping centres are depicted in figure 3.3 for a simple cubic lattice.
An anion vacancy might bind an electron, this is an ”F-centre”. An ”H-centre” is formed
when a lattice distortion due to a hole binds a second anion at a single anion site forming a
X−2 pseudomolecule, this has an overall neutral charge. Alternatively if the lattice distortion
binds a hole to an anion which subsequently bonds to neighbouring anion this also forms a
X−2 pseudomolecule but with a overall positive charge, this is a VK centre. A different type of
defect are excitons, spatially correlated electron-hole pairs. If an electron becomes localized
on a VK centre this is a self-trapped exciton [12, 41, 43]. All these traps have various energy
levels and different stabilities. Eventually the trap may decay, either to release an electron (or
hole) which may then excite the luminescent centre, or the trap may decay non-radiatively or
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radiatively via electron-hole recombination. The time scale of this stage varies greatly from
picoseconds to milliseconds.
3.2.4 Luminescence
The final stage in the scintillation process is the radiation emission by excited luminescent
centre. This is the same process as for photoluminescence which will be discussed in the next
chapter.
3.3 Performance measures
Scintillators are characterised by many properties including; efficiency, decay time, afterglow,
temperature stability, transparency, radiation hardness, density, emission wavelength, me-
chanical properties, chemical stability, cost, homogeneity, and linearity of response [13].
3.3.1 Efficiency and light yield
An efficient phosphor/scintillator will give a high light yield for a given incident x-ray flux,
and this is important for spatial resolution, signal to noise ratio [5] and reduced exposure
to harmful radiation. The light yield of a phosphor is characterised by the number of
visible photons emitted per MeV of radiation incident on the material and depends on the
absorption coefficient for x-rays of the material, the efficiency of exciton creation and capture
at luminescent centres, the band gap and the intrinsic emission quantum efficiency of the
luminescent centres [13]. A smaller band-gap increases the light yield [43,45]. However, there
is a trade-off because the band gap must not overlap with the luminescent centre’s excited
states as this can quench the luminescence. Dorenbos has estimated that for Ce3+ emission
the band gap can be reduced to 2.5 eV giving a 600 nm emission with maximum of 150,000
photons/MeV [43].
Currently theoretical light yield predictions far exceed experimental results [46]. The light
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Figure 3.4: Energy level diagram of (a) an ideal blue emitting scintillator, (b) an ideal red
emitting scintillator, and (c) the compounds tested by Moses et al. [11].
yield of a scintillator is estimated as [43]
Y = 106
SQ
βEg
(3.5)
where βEg is the energy need to create one electron hole pair, S is the quantum efficiency of
the transport to the luminescent centre and Q is the quantum efficiency of the luminescent
centre. The usual channel of excitation for rare earth ions is a charge transfer process with
a sequential capture of charge carriers. For scintillators with high light yield, the capture
efficiency must be high.
In search of red-emitting scintillators in 1998 Moses et al. [11] tested over 1,100 compounds
for scintillation in the 600 nm - 900 nm region. Notable results included Eu3+ and Sm3+
doped LuPO4, ScPO4, and YPO4 showing intensities comparable to commercial phosphors
but unfortunately all had decay times over 100 µs. Figure 3.4 shows the ideal set of energy
levels for a red scintillator proposed by Moses et al. to give a much higher efficiency than the
compounds tested.
3.3.2 Decay time
The decay time is another important property for a phosphor/scintillator and is generally
the parameter used to distinguish between a phosphor and a scintillator. Phosphors have a
long decay time and as such are used in applications involving integration under constant
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irradiation [1]. Scintillators have a significantly faster decay time (< 1µs) and are used
in applications involving single pulses, for example pulse counting and (anti-)coincidence
measurements. A fast decay time gives a scintillator a high count rate capability and enables
it to be used for coincidence counting [5], and is also important for image quality and
real time imaging [3]. The decay time of a scintillator basically depends on two processes.
First, the speed of the transfer of free electrons and holes from the original ionisation to
the luminescence center, and secondly, the lifetime of the emitting state of the luminescent
centre [47]. As for photoexcitation, the lifetime of the luminescent centre generally shows an
exponential decay after excitation ceases
I(t) = I0 exp(−t/τ) (3.6)
the time constant of this decay is known as the primary decay time (τ ) and is intrinsic to the
emitting site. It is the inverse of the probability of the corresponding radiative transition per
unit time from the luminescent state [3] and is given by
Γ =
1
τ
∝ n
λ3em
(
n2 + 2
3
)∑
f
| < f |µ|i > |2 (3.7)
where n is the refractive index of the crystal and λem the emission wavelength and f and i
denote the final state and initial state respectively. The matrix element connecting both states
via the dipole operator µ is only appreciable when the two states are of different parity. This
is the case for transitions between 4fn−15d1 and 4fn configurations as in Ce3+, Pr3+, Nd3+,
Sm2+ and Eu2+ and also for transitions between 6s2 and 6s16p1 configurations as in Tl+, Pb2+,
and Bi3+ [13]. Equation 3.7 shows the decay time of an allowed transition is much faster than
that for a forbidden transition due to their higher transition probabilities (
∑
f | < f |µ|i > |2),
and UV transitions tend to have faster decay times than their longer wavelength counterparts
due to the λ−3 factor. However the decay time under x-ray or γ-ray excitation is generally
longer than under UV excitation due to limitations in the the energy transfer rate from the
electron-hole pairs formed under irradiation, as opposed to direct excitation of a luminescent
centre. Currently the fastest known scintillator is undoped BaF2, which has a 0.8 ns decay
component, although it should be noted that this is the fast component of a two component
30 Chapter 3. Scintillators & phosphors - Principles & performance
decay with the other being 630 ns. Undoped BaF2 is a very special scintillator in that the
emission is due to an interband transition between the valence band and a hole in the nearby
core band. NaI(Tl) is a well known commercial scintillators with a primary decay time of 230
ns [30].
3.3.3 Density
Materials with a density (ρ) that is high and with large atomic numbers (Z) are desirable.
A high density material means the scintillator can be compact. Materials with large atomic
numbers have higher γ-ray stopping power and absorb more of the incident energy, which
is important for detection efficiency [5]. As mentioned above the the attenuation of a γ-ray
beam depends on the energy but is is approximately proportional to ρZn (n = 4 to 5) for
the photoelectric effect, or ρZ for Compton scattering. These γ-rays which pass through the
scintillator result in reduced efficiency, in addition these γ-rays can interact with the detector
and add to the noise in the system [3].
3.3.4 Emission wavelength
The emission of the scintillator should match the peak sensitivity of the photodetector.
Standard photomultiplier tubes have maximum quantum efficiency between 280 and 500 nm.
In contrast the quantum efficiency of silicon diodes photodetectors peaks between 500 and
900 nm [13]. This was discussed in section 2.4.
3.3.5 Mechanical and chemical properties
In some industrial applications scintillators may be in a severe environment and require shock
resistance and mechanical hardness [5, 13]. It is also desirable that the materials be chemi-
cally stable in atmospheric conditions. Many materials are hygroscopic and hence require
protection. The importance of this depends strongly on the application; for example NaI(Tl)
is very commonly used despite its hygroscopic nature meaning it requires encapsulation to
protect it from the environment [5].
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3.3.6 Cost
Low cost materials are desirable, especially for applications requiring mass production. The
availability and cost of raw materials, production method and any extra requirements such
as hermetic sealing of hygroscopic materials all contribute to the overall cost [13]. The
environmental energy cost is also relevant. Materials requiring high formation temperatures
and energy intensive processes are less desirable.
3.3.7 Afterglow
Afterglow is delayed luminescence which occurs due to belated thermal release of electrons
and holes trapped by lattice defects. Afterglow is highly temperature dependent as the traps
cannot be released without sufficient thermal energy. In photon counting applications a long
afterglow reduces the signal to noise ratio and increases the dead time of the detector. Long
afterglow is also a significant hindrance to any real time imaging as it leads to ”ghosting” [3].
Afterglow is generally reported as the fraction of luminescence still occurring a certain time
after the material receives a specified dose of x-irradiation. For example the light output of
NaI(Tl) drops to 1 %, 0.6 % and 0.2 % when measured 10, 20 and 50 ms respectively after a
short γ-ray pulse.
3.3.8 Temperature stability
Scintillators are generally used at room temperature. However the operation temperature will
fluctuate as other nearby electronic components warm and the ambient temperature varies.
If the pulse amplitude is important (eg. in γ-ray spectroscopy) then the scintillator must
operate with a constant quantum efficiency over the range of expected temperatures. The
photoluminescent efficiency tends to decrease as temperature increases due to the thermal
Boltzmann population of excited states increasing the probability of non-radiative transitions
which may quench the radiative transitions [13]. The temperature coefficient for performance
specification is particularly important for oil-well logging applications where the temperature
may rise to well over 100 ◦C.
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3.3.9 Optical properties
The transparency, transmission and refractive index are often considered the most important
properties for a scintillator [3, 13]. These properties are important as the visible scintillation
photons need to be efficiently transported to the photodectector. Any scattering will lengthen
their path and increase the chance of absorption [3, 13, 44]. It is desirable to match the
refractive index of the scintillator and the detector to prevent reflections at the interface. For
both silicon photodetectors and photomultiplier tube windows this is around n = 1.5 [13] [5].
Refractive index matched optical grease is frequently used to provide higher optical coupling
between the scintillator and photodetector.
3.3.10 Radiation hardness
A scintillator interacts with ionising radiation in order to function, but this radiation has the
potential to permanently change the scintillation efficiency which is undesirable. Studies
have shown that the most important effect of radiation damage is to reduce the optical
transmission [13].
3.3.11 Proportionality of response
For high energy resolution it is necessary to have a linear response to the incident γ-ray
energy over as wide a range as possible. This means the scintillator can discriminate between
different energy γ-rays [5, 13]. In recent years there has been a lot of research into the
non-linearity of many scintillators, which appears difficult to predict [48, 49].
3.4 Commercial Scintillators
The main scintillation properties of some commercially used scintillators are tabulated in
table 3.1 (which has been partially reproduced from reference [12]). Also included are those
which have reached the highest standards in a particular measure, for example BaF2 for its
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very short lifetime. The lower section of the table includes some red-emitting scintillators
which are currently available.
Some of the scintillators in table 3.1 (e.g. NaI, LaCl3, etc.) require doping with an activa-
tor substance in order to obtain optimum scintillation properties. NaI(Tl) has been used
extensively in SPECT and to a lesser extent in PET, although it is both hygroscopic and
fragile. However the scintillator most commonly used in PET scanners using block-detectors
is Bi3Ge4O12, which has a high effective atomic number [52]. Bi3Ge4O12 is not hygroscopic
and does not have long-lived secondary scintillation components [41]. SrI2:Eu2+ utilises the
strongly allowed Eu2+ luminescence resulting in one of the highest known light outputs, but
suffers from a long decay intrinsic to Eu2+ luminescence and the extreme hygroscopy of SrI2.
BaF2 exhibits core valence luminescence and is one of the fastest known scintillators but also
has a much longer component along with the 0.8 ns decay component [43].
The scintillator options for use with silicon photodiodes include certain plastic scintillators,
but due to low density and low effective atomic mass these show poor γ-ray absorbance
and degrade under γ-irradiation. CsI(Tl) is the most commonly used material for silicon
photodiodes; it has a high light output but a relatively slow lifetime of 980 ns and the
emission is green (540 nm) [45, 53]. Gd2O2S:(Ce3+ or Pr3+) is also widely used; this offers
a high density (7.54 gcm−3) and faster lifetime than CsI(Tl) (∼ 300 ns) but the emission is
only at 510 nm. Lu2S3:Ce3+ has a faster 32 ns decay but suffers from a lower light output
(28,000 photons/MeV), uses rare and expensive, radioactive constituent chemicals, and has
a high refractive index which causes light losses at the scintillator-detector interface [16].
Cerium doped YAG (Y3Al5O12) is another red emitting scintillator with a fast component
(100 ns) to its luminescent decay but it also has a second slow component and an even lower
light output (16,700 photons/MeV) [54]. ZnSe(Te) has a very high light out-put of 55,000
photons/MeV but the decay is too long at 50 µs for some phosphor applications and all
scintillation applications [14].
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3.5 Applications
As discussed in chapter 2, scintillators and phosphors are used in many different applications.
They are the primary radiation detectors used in medical diagnostics, radiography and
industrial component inspection [3, 4] but recently the largest market for scintillators is
actually high energy physics calorimetry [55]. However, this is likely to be a one-off market
event with the completion of the CERN large hadron accelerator.
In security, baggage scanners at airports use phosphors coupled to silicon photodetectors
to image the contents of bags as they pass through the system. For this application it is
important that afterglow is minimised to prevent ghosting or ’smeared’ images which occur
when the previous image has not fully decayed before the next appears [46]. For this reason
Gd2O2S:Pr3+ or CdWO4 is generally used as it has low afterglow. Checking structural
properties such as concrete foundations and aeroplane parts without damaging their integrity
is another important application. In this application the attenuation of γ-rays through the
object is measured highlighting any defects. In high energy physics research scintillators
are used for calorimetry (determining the energy of photons), the collision of proton beams
produces high particles and protons which need to be detected. In this case it is critical
that the light output is proportional to the incident photon energy, that the scintillator has a
high stopping power and is very radiation hard [12]. In order to evaluate bore holes, in oil
exploration scintillators are used to detect the gamma ray emission intensity hence rock type,
this helps indicate the likelihood of oil. For this application the materials and detectors must
be very rugged and able to withstand high temperatures.
Medical applications such as positron emission tomography (PET) scans, computed tomog-
raphy (CT) scans and the newer single positron emission computed tomography (SPECT)
scans all require the use of a scintillator/phosphor coupled with a detector. In a PET scan a
patient ingests a biologically active molecule (fluorodeoxyglucose) with a radioactive tracer
(18F) incorporated. The 18F decays inside the body giving out a positron which quickly meets
an electron; the two annihilate and produce two identical gamma emissions (511 keV) in
opposite directions. These are coincidence-detected on opposing sides of a ring of detectors.
The concentrations of 18F imaged indicate tissue metabolic activity and the possibility of
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cancer metastasis. In this application the timing is critical as the time of flight difference
indicates where the decay occurred and hence where the 18F has accumulated; thus this
application requires a scintillator with a fast decay [41, 46], the scintillator must also have a
high detection efficiency for 511 keV gamma rays and a high scintillation light yield. Most
PET scanners use BGO (Bi4G3O12) which has a light output of 8,200 photons/MeV and a 300
ns decay time [46]. Single-photon emission computed tomography (SPECT) is similar to a
PET scan but the radioactive tracer emits a single gamma ray which is detected. Generally
99Tc is used which has a longer half-life than that of 18F (6 hours compared to ∼ 2 hours). This
technique is much cheaper but less accurate than PET [46].
This differs from the requirements for a CT scan; in CT scans the patient is x-irradiated from
one side and the resulting attenuated beam detected on the other side; using scanning a 3d
image is built up. For this technique the decay time is not as important as the luminescence is
generally integrated to form an image, however the afterglow (prolonged luminescence after
irradiation) must be minimised to prevent artefacts from previous images being included
in the next one. This is a fast and accurate technique but exposes patients to a high γ-ray
dose [46]. A single CT scan can give a patient a x-ray dose five times that of the average
annual dose [56]. The dose the patient receives would be reduced with increased scintillator
sensitivity. CT scanners generally use single crystals of CaWO4 as these show minimal
afterglow of 0.005% 3 milliseconds after irradiation [46, 57].
Chapter 4
Scintillators and Phosphors: Spectroscopy
and materials science
In this chapter we discuss the background to the materials and techniques discussed in later
chapters.
4.1 Crystal structure
The crystal structure of a solid describes the unique arrangement of the atoms or molecules
which exhibits long-range order and symmetry. The unit cell is the smallest arrangement of
atoms which can be translated in space to form the periodic bulk structure [58]. All crystal
structures fall into one of seven crystal lattice classes according to their symmetry. The most
symmetric hence simple system is the cubic system, this exhibits four threefold rotational
axes oriented at 109.5◦ (the tetrahedral angle) with respect to each other. There are many
different cubic crystal structures; figure 4.1 shows the cubic structure of CaF2 of particular
interest in this work. While the fluorite crystal structure derives its name from being the
structure calcium fluoride naturally forms in, many other compounds of the form AX2 also
form in the same structure. The lattice can be visualised as a simple cubic structure of anions
with every second cube filled by a cation at the body centre position.
Most commercial scintillators are single crystals. This is because while these are difficult
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Figure 4.1: Cubic fluorite structure, a simple cubic lattice of anions (green) with half the cubes
filled with a cation (blue).
and expensive to grow they are highly transparent; an important property for a scintillator.
However, in this work we study primarily polycrystalline ceramics as these are much easier,
faster, and cheaper to produce. These will only be transparent if the crystal structure is cubic.
Cubic structures are unique in that the refractive index is isotropic; in other structures the
refractive index for propagation varies along different axes. In a polycrystalline materials
the grains are all randomly aligned, and so for non-cubic structures, scattering occurs at the
grain boundaries where there is a refractive index mismatch. For cubic materials there is
no mismatch so transparent polycrystalline materials can be made. Ceramic polycrystalline
materials can be made by melting or sintering constituent chemicals, whereas single crystals
are slowly grown at closely controlled temperatures at typical rates of tens - hundreds of µm
per hour. The first polycrystalline ceramic scintillator to be developed was (Y,Gd)2O3:Eu3+, a
cubic material specifically made for high performance medical detectors and commercially
introduced in General Electrics premium x-ray computed tomography scanner in 1988. While
this has been successfully used, the long luminescent lifetime of Eu3+ is a limitation for fast
acquisition [3, 59].
4.1.1 X-ray diffraction
The standard way to determine the crystal structure of a material is to use x-ray diffraction
(XRD). In XRD a source of monochromatic plane x-ray waves irradiates the crystal, and each
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Figure 4.2: Simulated XRD patterns for CaF2 (top) and cubic BaCl2 (bottom); both materials
share the same fluorite structure.
atom acts as a centre of scattering. A detector records the intensity of the diffracted beam
as a function of angle. The angle of incidence and detection (θ) are kept equal and varied,
typically from 10 ◦ to 20 ◦. The scattering from planes of atoms (of spacing d) interfere to give
a high intensity beam when Bragg’s law
λ = 2dsin(θ) (4.1)
is satisfied, where λ is the x-ray wavelength. Every compound has a unique diffraction
pattern, and the peaks correspond to reflections off certain planes in the crystal. These planes
are labelled by Miller indices; Miller indices are the reciprocals of the fractional intercepts
which the plane makes with crystallographic axes [60].
Shown in figure 4.2 are the simulated XRD patterns for CaF2 (top) and cubic BaCl2 (bottom)
both of which share the same fluorite structure. Despite having the same structure the
patterns look quite different at first glance. The same Miller indices lines are observed, but at
different positions. This is due to the difference in the lattice parameter (d in equation 4.1).
CaF2 has a lattice parameter of 5.46 A˚ while that of BaCl2 is much larger at at 7.34 A˚ [61] so
from equation 4.1 the lines spacing is reduced for BaCl2.
Only lines corresponding to certain planes are observed, for example there is no line labelled
<100> but there is a <100> plane in the material. The lines observed are determined by the
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structure factor (S(hkl))
S(hkl) =
∑
j
fj exp(−i2pi(xjh+ yjk + zjl)) (4.2)
where the sum is over all the atoms (j) in the unit cell, (h, k, l) are the Miller indices of the
plane under consideration and fj is the atomic scattering factor of the atom j. The structure
factor thus consists of a geometric factor (exp(−i2pi(xjh+ yjk + zjl))) and a atomic scattering
factor. The atomic scattering factor reflects the ability of a atom to scatter the incident x-rays,
and so is larger for elements of higher atomic mass. The geometric factor represents whether
constructive or destructive interference will occur [60]. In very generalised terms the XRD
patterns of CaF2 and BaCl2 reflect a strong contribution from the heavier cations, with a
weaker contribution from the lighter anions.
In a cubic crystal the lattice constant a is related to the Miller indices (h, k, l) and the inter-
planar distance d by the relation [60]
d =
a√
h2 + k2 + l2
(4.3)
This can then be combined with Bragg’s law (equation 4.1) to give
λ
2a
=
sinθ√
h2 + k2 + l2
(4.4)
Thus a plot of sin(θ) against
√
h2 + k2 + l2 gives a linear relationship from which the lattice
parameter (a) can be found provided the x-ray wavelength is known. Such plots have been
used here to determine the cubic lattice parameter.
4.2 Spectroscopy
4.2.1 Absorption
Absorption spectra are useful in determining the energy level scheme of a material and
finding at which wavelengths it is desirable to pump in order to get luminescence [62]. When
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Figure 4.3: Schematic plot of absorption for two level system: (a) shows the expectation with
no broadening, (b) the natural broadening and (c) the result of natural and inhomogeneous
broadening [36].
light of intensity I0 is incident on a material of thickness x the transmitted intensity is given
by the Lambert-Beer law
I = I0 exp(−αx) (4.5)
When scattering can be considered negligible α is the linear absorption coefficient of the
material. In a simple two level system with population densities of N in the ground state and
N’ in the excited state the expression for α can be written
α = σ(ν)(N −N ′) (4.6)
furthermore if N ′ is far less than N this can be approximated as
α = σ(ν)N (4.7)
in which σ is the transition cross section. The transition cross section parametrises the
absorption of incoming light of frequency ν, and is proportional to the square of the matrix
element | < φe|H|φg > |, in which φg and φe are eigenfunctions corresponding to the ground
and excited states respectively andH is the interaction Hamiltonian between the incoming
light and system [63].
Figure 4.3 (a) shows the expected absorption frequency for such a two level system where ν0 is
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Figure 4.4: Simple depiction of photoluminescence process.
the energy difference between the levels divided by Plancks constant. However an absorption
spectrum is not simply a delta function, but a Gaussian curve as shown in figure 4.3 (c). The
line broadening has two main causes; the broadening shown in figure 4.3 (b) is called natural
broadening and arises from Heisenberg’s uncertainty principle. The larger effect is that of
inhomogeneous broadening which is due to the various absorbing centres having slightly
different resonant frequencies due to small distortions in the crystal environment that are
always present. The measured absorption, as seen in figure 4.3 (c) is actually the convolution
of peaks from all the different centres weighted by concentration [36]. Most systems comprise
of multiple levels which leads to multiple absorption peaks of varying intensity depending
on the transition probabilities.
4.2.2 Fluorescence
Studying photoluminescence spectra provides insight into the electronic structure of a mate-
rial. In the current context, photoluminescence spectroscopy helps in the understanding of
the last stage in a scintillation process where the residue of the ionisation energy is emitted as
light. Photoluminescence refers to the absorption of a photon by a luminescent centre and
subsequent re-emission of a lower energy photon from the resulting excited state. This is
depicted in figure 4.4. The absorption part of the process is referred to as excitation and the
return to the ground state as emission. This is a much simplified depiction, and in reality
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Figure 4.5: Simple example of cross relaxation for a three level luminescent centre [64].
there are generally a multitude of excited states and non-radiative relaxation processes occur
alongside and in competition with the radiative transitions.
4.2.2.1 Concentration quenching
Increasing the concentration of the optically active ion increases the intensity of lumines-
cence at first in proportion to the concentration, however, this is only true up to a critical
concentration. Above this critical concentration the luminescence yield decreases, essentially
due to very efficient energy transfer between luminescent centres (”cross-relaxation”). There
are two mechanisms by which this may occur. The first occurs when the concentration is
high enough that the distance between the luminescent centres is small enough for energy
transfer between the centres to be more probable than emission. In this case the energy
migrates from centre to centre through the material until it eventually reaches a defect or
impurity in the crystal (quenching trap) and is lost by infra-red emission or multi-phonon
relaxation [36].
The other mechanism occurs by resonant energy transfer between two identical adjacent
centres [36], and is illustrated in figure 4.5 for a 3 level system. For the isolated centre (ion 1),
emission from the second excited state dominates, but when two ions are close (ions 2 and 3)
some energy can be transferred from the ion in the higher state (ion 2) to that in the ground
state (ion 3) leaving both ions in the first excited state. Emission then occurs from this lower
state and the higher level emission has been quenched.
Concentration quenching can also be recognised by a decrease in the lifetime of the lumi-
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nescence. This is because quenching involves energy transfer processes which happen on a
much faster time-scale than luminescence, so there is a significantly decreased probability
of slower luminescence. (There is also potential that a very high concentration could lead
to clusters of luminescent centres with different energy levels and decay times compared to
isolated centres [36]).
4.3 Spectroscopy of rare earth ions in crystals
The lanthanides, also known as the rare earths, are the 14 elements after lanthanum with
atomic numbers from 57 to 70. The ground state electron configurations of the neutral atoms
are [Xe]4fn5dm6s2 with n varying from 1 for cerium to 13 for ytterbium as the 4f electron
shell is progressively filled (m = 0, 1 to allow for the extra stability of a half filled electron
shell). The common trivalent state is formed by the ionisation of the 5d16s2 electrons or one
4f electron and the 5d16s1 electrons leaving [Xe]4fn. Lanthanide ions are used as luminescent
centres in a wide variety of materials such as glasses, polymers and crystals. While they are
most commonly found in the trivalent oxidation state some rare earth ions also occur in the
divalent state, most notably Eu2+, Sm2+ and Yb2+.
4.3.1 Free ions
There are many excited states within the 4fn configuration over a range of ∼ 40,000 cm−1. The
next highest configurations are the 4fn−15d1, 4fn−16s1 and 4fn−16p1; for trivalent ions these are
normally well above the excited 4fn energy levels [63]. Within a configuration the splitting of
energy levels of the free ions arises predominantly from the coulomb interaction and spin orbit
coupling, these effects are depicted in figure 4.6 for the 4f6 (Sm2+, Eu3+) configuration along
with the effect of a crystal field. The coulomb interaction is the largest effect; it splits each
configuration into levels specified by L (the orbital angular momentum quantum number)
and S (the total spin quantum number). Spin-orbit coupling of the individual orbital angular
momenta li and si between electrons is then considered, and can be expressed in terms of the
total angular spin momenta (L or S). Mostly the energy separation of the different LS terms
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Figure 4.6: Depiction of energy levels of 4f6 configuration for a cubic crystal field as split by
the coulombic interaction, spin orbit interaction and crystal field interaction. The free ion
states are labelled as 2S+1LJ .
is much larger than the spin orbit coupling energy so there is little mixing of the LS terms,
and if this is neglected, as in the Russell-Saunders approximation, the degeneracy of the free
ion term is lifted and the term split into multiplets labelled by the total angular momentum
(J) quantum number J .
J = L+ S (4.8)
where J = L+ S, L+ (S − 1), .., L− S. This partially lifts the degeneracy of the LS term. The
resulting (2J+l) degeneracy for each multiplet labelled by 2S+1LJ is the starting point of most
theoretical considerations of the rare earth ions in solids [63].
4.3.2 Crystal field splitting
As depicted in figure 4.6 when the free ion is located in a crystal the degeneracy of the energy
levels is further lifted due to the influence of surrounding ions and the electric field they
produce. Figure 4.7 shows energy levels of the 4fn configuration for all the trivalent rare
earth ions in LaCl3. The crystal field effect is seen in the thickness of the lines representing
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Figure 4.7: The Dieke diagram shows the energy levels of all trivalent rare earth ions in
LaCl3 [65].
the energy levels while coulomb interactions and spin-orbit coupling cause the splittings.
The effect of the crystal field is much weaker than that of spin-orbit coupling for the 4fn
configurations because of the shielding from the crystal field afforded by the 5s2 and 5p6
outer shells. For rare earth ions in crystals the crystal field effect is normally weak, meaning
the free ion energy levels are only slightly perturbed, so the free ion wavefunctions can
be used as basis functions to which crystal field Hamiltonian (HCF ) can be applied as a
perturbation over the 2S+1LJ states [36]. The crystal field splitting depends on the symmetry
of the site, for example figure 4.6 shows the 4f6 configuration splitting pattern for a cubic site
of Oh symmetry. The 7F1 level is a degenerate singlet, but if the symmetry is reduced, for
example by a interstitial ion, to C4v then the degenerate 7F1 level is split into two levels (A2
and E).
For divalent ions there is an added complexity. The 4fn−15d1 configuration energies are much
lower in energy than those the trivalent ions; they are closer to and sometimes overlap the
4f n energy levels. These outer orbitals have a much larger spatial extent and so interact
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strongly with the lattice. Hence they shift dramatically with variations in the crystal lattice
unlike the 4fn energy levels. For example the 4f65d1→ 4f7 transition of Eu2+ varies from red
in Ca2SiS4:Eu2+ [66] to blue in CaF2:Eu2+ [67].
4.3.3 Selection rules
The 4fn states of lanthanide ions all have the same parity, this is means electric dipole
transitions between them are forbidden by Laporte’s rule (the parity must change). Therefore,
only magnetic dipole transitions are expected to occur. However when the rare earth ion
is at a site that lacks inversion symmetry there can be an admixture of the 4fn−15d1 states
of opposite parity into mainly the excited 4fn states, this allows for ”forced” electric dipole
transitions [63]. The electric dipole process is of orders of magnitude larger compared to
the magnetic dipole process, and hence even a small amount of this mixing can result in the
emission spectrum being dominated by forced electric dipole transitions [63, 68]. Transitions
between the 4fn−15d1 excited configuration and the 4fn ground state do show a change in
parity and as such are electric dipole allowed and very strong.
Group theory is used in spectroscopy in order to interpret spectra with few or no calcula-
tions. By considering the symmetry properties of the active centre, which are shared by the
corresponding Hamiltonian, it is possible to determine the number of and degeneracy of
energy levels, predict how these energy levels will split under a reduction in symmetry and
establish selection rules for optical transitions between these levels [36]. The probability
of a radiative transition between two states (φi and φf ) is proportional to < φf |µ|φi > |2
where µ may be the electric dipole operator (µ =
∑
n ern) or the magnetic dipole operator
(µ =
∑
n
e
2m
(ln + 2sn)). This probability then indicates the intensity of the relevant transition.
The operator µ transforms as an irreducible representation (Γµ) of the symmetry group. The
generalised Wigner-Eckart theorem then establishes the selection rule: The matrix element
| < φf |µ |φi > |2 is zero unless the direct product between the irreducible representation Γi
and Γµ contains the representation Γf , that is unless
Γi × Γµ ⊂ Γf (4.9)
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Table 4.1: Summary of selection rules for rare earth ion transitions [63, 68].
Process S L J Parity
Electric Dipole ∆ S = 0 ∆ L = 0, ±1 ∆ J = 0, ± 1 (but not J=J’=0) opposite
Magnetic Dipole ∆S = 0 ∆L = 0 ∆J = 0,±1 same
[36] where φf and φi transform as Γf and Γi respectively. The direct product between two
irreducible representations is a representation itself which is usually reducible. The product
representation will have a character given by
χproduct(R) = χ1(R)× χµ(R) (4.10)
To determine if the transition is allowed the direct product is calculated, the result reduced
and examined for Γ2. Multiplication tables are available in the literature for the direct
products between irreducible representations of the point symmetry groups [36].
The selection rules for the different processes which come from Laporte’s rule and the Wigner-
Eckart theorem are summarised in table 4.1 where S is the spin quantum number, L the
azimuthal quantum number and J the total angular momentum quantum number.
4.3.4 Electron-phonon interaction
The emission observed from rare earth ions can be easily classified into two categories; sharp
line emission which arises from 4fn→ 4fn transitions and broad band emission which arises
from 4fn−15d1→ 4fn transitions.
4.3.4.1 Sharp line emission
Because of the shielding afforded to the 4fn electrons by the 5s2 and 5p6 orbitals from the
crystal field, electron-phonon coupling is weak for the 4fn states and as such these are
characterised by sharp line emission spectra. Because these are weak magnetic dipole
transitions they have long lifetimes (∼ms). However, when the site lacks inversion symmetry,
a mixing of opposite parity 5d states into the 4fn states occurs. The amount of admixture is
small and hence does not affect the energy levels significantly but the transitions become
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more allowed and the lifetime decreases (∼ 10-100 µs) [63, 68]. Sharp line emission generally
dominates the spectra for the trivalent ions from Pr3+ to Yb3+.
4.3.4.2 Broadband emission
For some rare earth ions, the 4fn−15d1 configuration state are relatively low lying and overlap
the excited states of the 4fn configuration (eg. Ce3+, Pr3+, Sm2+, Eu2+). This can lead to intense
broad band emission and absorption between the ground state of the 4fn configuration and
the 4fn−15d1 states. These 4fn−15d1→ 4fn transitions are also commonly seen in the trivalent
ion Ce3+ and less frequently for Pr3+ and Nd3+ ions. Because the parity changes these
transitions are strong and have much faster lifetimes (∼ 10-1000 ns). The 5d1 level is an
outer orbital which couples strongly to the crystal field and so these transitions have large
crystal field splittings and broad phonon sidebands (which can dominate the zero-phonon
line) [63,68]. This type of emission is almost always seen for Ce3+ and Eu2+ ions. Others such
as Sm2+ or Pr3+ ions may show broadband emission, sharp line emission or a combination
depending on the crystalline environment.
4.3.4.3 Stokes shift
While excitation and emission are in a sense inverse processes there is generally a shift in
frequency between the two called the Stokes’ shift. Figure 4.8 shows a system which is excited
from the ground state at the equilibrium position Q0. Once in the excited state it quickly
relaxes non-radiatively down to the excited equilibrium position Q′0. From here fluorescence
is observed as the state returns to a vibronic state of the ground state at Q′0 before quickly
relaxing non-radiatively back to Q0. As shown in figure 4.8 (b) this causes the emitted energy
to be less than the absorbed energy. An anti-Stokes’ shift is also possible where the emitted
frequency is greater that the absorbed frequency. This is also depicted in figure 4.8 if one
reverses the directions of the arrows. A system may be in a vibronic state of the ground
state at Q′0 due to thermal energy when absorption of a photon occurs where again thermal
energy can allow the occupation of a vibronic state at Q0. Radiative emission can then occur
leaving the system at the equilibrium point of the ground state. The system is cooled in this
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Figure 4.8: A photon is absorbed exciting the higher energy state, this relaxes to the lowest
excited state before emitting a lower energy photon to return to the lower state [69].
process and the emitted light is of a higher frequency than that absorbed. It is desirable for
scintillators to have a large Stokes shift to reduce the possibility of an emitted photon being
reabsorbed, as this lowers efficiency and increases luminescence time scales.
4.4 Characteristics of some rare earth ions
The following sections discuss the general spectroscopy of the particular rare earth ion
studied in this work.
4.4.1 Sm2+
Samarium is most commonly found in the trivalent state, but can also be stable as a divalent
ion. Both Sm3+ and Sm2+ can be used as luminescent centres for x-ray phosphor applications.
In addition to these scintillation or x-ray phosphor applications, samarium doped materials
are of interest in a range of other applications. A schematic energy level diagram for the
Sm2+ ion is shown in figure 4.9(a). Inhomogeneous broadening of the sharp singlet→ singlet,
5D0 → 7F0 transition and the ease with which Sm2+ can be photo-ionised means that the
samarium-doped material has been widely used in studies of persistent hole-burning [70]
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in which case Sm2+ ions are ionised semi-permanently to Sm3+. The reverse process can be
achieved with x-irradiation, that is Sm3+ can be reduced to Sm2+, and this process has been
proposed for applications in photoluminescence-detected x-ray storage phosphors [71] and
in micro-beam radiation therapy dosimetry [72].
While Sm3+ always exhibits magnetic dipole allowed 4f6→ 4f6 transitions which show little
variation between host lattices, the emission from Sm2+ varies dramatically between host
lattices. This is because the lowest energy levels of the 4f55d1 configuration are strongly
perturbed by the crystal field and thus may overlap some, many, or none of the 4f6 excited
state energy levels [63, 68]. This leads to variation in the emission from comprising only 4f6
→ 4f6 lines to much stronger, electric dipole allowed, broad 4f55d1→ 4f6 transitions in the
red region depending on the crystal. This emission can potentially be used for a scintillator
coupled to a silicon photodetector.
Interest in the optical properties of Sm2+ dates back to 1960 when the development of masers
created interest in divalent rare earth ions in alkaline earth lattices. Accordingly in 1963 Axe
et al [73] undertook to derive the selection rules of 4f6→ 4f6 fluorescence for such crystals.
They applied this theory to SrF2:Sm2+ and SrCl2:Sm2+. SrF2:Sm2+ showed no luminescence
at room temperature, however SrCl2:Sm2+ showed a broad emission around 700 nm at room
temperature. This broad band was ascribed to 4f55d1 fluorescence and decreased in intensity
as the temperature was reduced, disappearing entirely by 4.2 K. At lower temperatures
emission from the 5D0 level of the 4f6 configuration was observed.
4.4.2 Eu2+
Eu2+ luminescence has been extensively studied in many compounds. Eu2+ is isoelectronic
with Gd3+ so as can be seen in figure 4.7 there are very few 4f7→ 4f7 transitions, and as such
these are very rarely seen. Figure 4.9(b) shows the typical Eu2+ ion energy level structure. The
Eu2+ ion generally exhibits broad and strong 4f65d1→ 4f7 transitions around 420 nm with a
lifetime ranging from 500 - 1000 ns [74]. Very high quantum efficiencies have been observed
for chloride and CaF2 crystals. Because it exhibits such strong luminescence, Eu2+ is used
as the luminescent centre in many scintillators, light outputs of 120,000 photons/MeV have
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Figure 4.9: Schematic energy level diagrams for (a) Sm2+ ions, (b) Eu2+ ions (adapted from
reference [78]), (c) Pr3+ ions (adapted from reference [79]) and (d) Ce3+ ions (adapted from
reference [80]). The red lines indicate levels of the 4fn configuration and the blue boxes the
excited 4fn−15d1 excited configuration energy levels. The green arrows indicate absorption
and emission transitions commonly observed.
been reported for SrI2:Eu2+ [75] making it one of the brightest scintillators. Unfortunately the
lifetime of 1200 ns and extreme hygroscopy limits the applications.
4.4.3 Pr3+
Pr3+ has two electrons in the 4f shell, and again the emission depends strongly on the host
lattice. The energy level structure is shown in figure 4.9(c). Emission is most commonly
seen from the 4f2(3P0) state; this can be green as in Gd2O3:Pr3+ (3P0 → 3H4), or red (3P0 →
3H6, 3F2) as in LiYF4:Pr [68]. Being a lighter rare earth, the 4f orbitals are more spatially
diffuse allowing more mixing of opposite parity states for sites lacking inversion symmetry,
and this leads to a relatively fast emission from the 3P0 state (tens of µs) [68]. Emission can
also be observed from the 1D2 state, and this is generally in the red or near infra-red region.
Pr3+ is also known to show very fast luminescence from 4f15d1→ 4f2 transitions in the UV
region [76]. This occurs when the crystal field is strong enough to bring the lowest 4f15d1
level into the vicinity of the 1S0 level. If the lowest 4f15d1 level is even below the 1S0 level
quantum cutting may be observed in which one excitation photon in results in the emission
of two photons of lower energy [77].
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4.4.4 Ce3+
Ce3+ has just one electron in the 4f shell. The spin-orbit interaction splits this into a 2F5/2
ground state with a 2F7/2 state about 2000 cm−1 higher. As seen in figure 4.7 there are no
higher energy 4f states. The next lowest level belongs to the 5d1 orbital and is around 30000
cm−1 above the ground state; this is depicted in figure 4.9(d). The 5d1→ 4f1 transitions are
parity allowed leading to two strong broad band emissions (5d1→ 2F5/2 and 5d1→ 2F7/2) [68].
Because the 5d orbital is strongly influenced by the host lattice the wavelength of these
transitions vary dramatically between materials from LaBr3:Ce3+ [27] at 375 nm to 590 nm in
Lu2S3:Ce3+ [16]. Ce3+ is one of the most studied rare earth ions particularly for scintillation
because of the fast lifetime (∼ 10 ns), and also because of the simplicity of the energy levels.
Dorenbos [81–85] has compiled data on the energy levels of Ce3+ in a wide variety of host
lattices. From this he formed empirical rules to predict the 4f55d1→ 4fn emission wavelength
of any trivalent rare earth ion in a crystal given the emission wavelength of another trivalent
ion in the same lattice.
4.5 Thermally stimulated luminescence
Thermally stimulated luminescence (TSL) is a popular technique for determining the electron
trapping characteristics of insulators and semiconductors. The luminescence is monitored
as the previously irradiated sample is heated at a linear rate. The plot of recombination
luminescence intensity vs. temperature is called the glow curve. The number of peaks
indicates the number of different trapping centres and the position and shape indicate the
trap depth [86]. The traps determine the time scale of the energy migration phase of the
scintillation process. Shallow traps also play a role in the afterglow process. The mean
time an electron will spend in a trap (τ ) depends on the trap depth (E, which is the energy
difference between the trap level and the conduction band), the temperature (T ) and the
’attempt frequency’ (s) according to
τ = s−1 exp
E
kT
(4.11)
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If n is the number of trapped electrons, the rate of release of electrons is
dn
dt
=
−n
τ
=
−n
s−1 exp( E
kT
)
= −ns× exp
(−E
kT
)
(4.12)
At temperatures such that the thermal energy is much less than the trap depth the lifetime
of the trap is long and no luminescence is seen. As the temperature and thermal energy are
increased the lifetime becomes shorter, and luminescence is observed as the trap population
is depleted. Eventually as the thermal energy continues to increase the luminescence de-
creases as the trap population tends to zero, an so a peak is observed in the emission as the
temperature is increased. Assuming the number of electrons released is proportional to the
luminescence intensity (i.e. assuming electrons are not re-trapped, referred to as ”first order
kinetics”) allows the intensity of the thermoluminescence at temperature T to be written
as [87]
I(T ) = −dn
dt
= sn× exp
(−E
kT
)
(4.13)
which can be used to derive the intensity as a function of time as
I(t) =
dn
dt
= n0s× exp
(
− E
kT (t)
)
exp
(
−s
∫ t
0
exp
(
− E
kT (t′)
)
dt′
)
(4.14)
where n0 is the number of trapped electrons at t = 0. For a linear heating rate this can be
expressed as
I(T ) =
1
β
dn
dt
= n0
s
β
exp
(
− E
kT
)
exp
(−s
β
∫ T
T0
exp
(
− E
kT ′
)
dT ′
)
(4.15)
This is the Randall-Wilkins first order expression of a single glow peak [88, 89]. The above is
difficult to evaluate or relate to measurement. Kitis et al [90] have showed that equation 4.15
can be well approximated by
I(T ) = Im exp
[
1 +
E
kT
T − Tm
Tm
− T
2
T 2m
exp
(
E
kT
T − TmTm
)
(1−∆)−∆m
]
(4.16)
with
∆ =
2kT
E
(4.17)
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∆m =
2kTm
E
(4.18)
with Tm the temperature at the maximum of the glow curve and Im the intensity at the
maximum. Least squares fitting to equation 4.16 has been used here to determine the trap
depths.
4.6 Electron spin resonance
Electron spin resonance (ESR) (also known as electron paramagnetic resonance) is a spectro-
scopic technique for studying materials with unpaired electrons. ESR is useful for providing
information regarding chemical identification, crystal sites, crystal defects and crystallinity.
This information may not be available from optical spectroscopy. The basic concept of ESR is
analogous to nuclear magnetic resonance (NMR); however, in ESR it the electron spins which
are excited and not the nuclear spins.
An ESR spectrum records the absorption of microwaves by a sample in a magnetic field. A
free electron allows a simple description of the concepts as described here. In a magnetic
field (of strength B0) the electron’s magnetic moment will aligns either parallel (ms=-12) or
antiparallel (ms=12) to the field splitting a degenerate energy level into two as depicted in
figure 4.10(a). The energy levels are
Es = msgµBB0 (4.19)
where ge is the the electron’s ”g-factor” and µB is the Bohr magneton. In ESR the microwaves
of a fixed frequency are shone on a sample as the magnetic field is changed. When the
incident microwave energy (hν) is equal to the energy difference between the two levels
(gµBB0) a transition is induced, and the microwaves are strongly absorbed. An absorption
peak is seen at the magnetic field value which satisfies
hν = msgµBB0 (4.20)
where h is Planck’s constant and ν is the microwave frequency. Equation 4.20 can be solved
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(a) (b)
Figure 4.10: (a) Splitting of ground state in a magnetic field [91]. (b) Absorbance and first
derivative spectrum [91].
for a wide range of frequency and magnetic field values, however ESR measurements are
generally made with microwaves in the X band (9-10 GHz) region, with fields corresponding
to about ∼ 350 mT. As the microwave detectors have high noise levels at low frequency, the
magnetic field is usually modulated at 10 -100 kHz and the change in absorption is detected
using a lock-in amplifier. This means signals appear as first derivatives. The two different
forms of the measurement are shown in figure 4.10(b).
For a more complex system, higher spin values (S ≥ 1
2
) and the magnetic interaction between
the nuclei and the unpaired electrons (the hyperfine interaction and super hyperfine inter-
action) splits the ground state (and excited states) into many more states, between which
transitions can be observed. This leads to a complex ESR spectrum with many lines.
Chapter 5
Instrumentation and experimental
techniques
5.1 Sample preparation
As the chemicals used were hygroscopic, they were stored in a nitrogen or argon atmosphere
glove box with low water vapour and oxygen content (at most 5 parts per million of each
vapour). To prepare samples, the required powders were weighed into either a platinum-
rhodium alloy or glassy carbon crucible in the glove box; total sample weights were between
2 and 15 g. The crucible and contents were then transferred to another nitrogen atmosphere
glove box with a vertical radio frequency (RF) induction furnace attached (a schematic
of the furnace configuration is shown in figure 5.1). The susceptor coils are powered by
an Ameritherm 3 kW power supply operating at ∼ 485 kHz. The crucible was put into
a graphite susceptor and lowered into the silica furnace tube which was then sealed off
from the glove box and put under argon gas flow. A defined heating pattern was applied
using a computerised temperature controller. The heating pattern used depended on the
properties of the material being prepared. In general the powders were heated above the
highest constituent chemical’s melting point and held in the molten phase for 15 - 30 minutes
to ensure the materials were fully melted and mixed. The liquid would then be cooled at
∼ 100 ◦C/hour to room temperature. Through the expected solid to liquid phase transition
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Figure 5.1: Schematic of radio frequency induction furnace configuration.
temperature the cooling rate was slowed to ∼ 10 ◦C/hour. If there were multiple phases
possible, the cooling rate was increased to ∼ 1800 ◦C/hour through the range of stable
temperatures of the undesired phase in order to supress it.
For most sample preparation a type K control thermocouple was used. The thermocouple
is as close to the crucible as possible to ensure the temperature of the crucible is reliably
measured. The furnace was calibrated for each type of crucible and thermocouple by filling
the crucible with Al2O3 powder (which has a high thermal conductivity) and putting a second
calibration thermocouple inside the crucible. An attempt to replicate the lid on the crucible
was made using graphite with a hole for the second (top) thermocouple in it. The calibrations
were closely linear. The gas flow was generally argon (< 5 ppm water, < 5 ppm oxygen)
which went through oxygen and water traps to remove any residual water or oxygen before
reaching the furnace.
Almost all chemicals were sourced from Sigma Aldrich and had a specified purity of ≥
99.999% (BaCl2, SrCl2), ≥ 99.995 (SrCl2·6H2O), ≥ 99.99% (CeCl3, EuCl2, LaCl3, SmCl3, TbCl3,
PrCl3, GdCl3, Eu, Sm), ≥ 99.9 % (CaF2, SmF3) or ≥ 99.0 % (LiCl, PbF2). In order to dehydrate
SrCl2·6H2O to SrCl2, the SrCl2·6H2O was heated to 400 ◦C over 4 hours and then held at
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400 ◦C under argon gas flow for a further 3 hours (full dehydration occurs by 325 ◦C [92]).
Dehydration was confirmed by noting that the mass change corresponded to the loss of 6
molecules of water per mole SrCl2·6H2O, and no additional mass loss was seen on further
heating.
5.2 X-ray diffraction
X-ray diffraction (XRD) patterns are unique to the crystals present and as such can be used
for structural identification. Powder x-ray diffraction was performed using two different
x-ray diffractometers; either a Philips PW1730 diffractometer or a PANalytical X’pert PRO
MPD diffractometer. Both diffractometers utilise copper tubes with both Kα (1.54056 A˚) and
Kβ (1.3926 A˚) lines present. As the samples were hygroscopic, sealed sample holders which
were loaded in the inert glove box atmosphere were used for both diffractometers. Patterns
obtained were compared to those of known compounds from the International Centre of
Diffraction Data database.
5.3 Thermal analysis
Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) are both
techniques which allows one to identify phase transition temperatures of a material. In this
work, DSC was used to observe phase transition temperatures and monitor the suppression
of phase transitions. TGA was also used for these purposes, as well as for monitoring the
hydration and dehydration of materials as a function of time and temperature. Simultaneous
DSC and TGA was carried out on a TA Q600 thermogravimetric calorimeter under nitrogen
gas flow. This is capable of reaching temperatures of 1500 ◦C and has a calorimetric accuracy
of± 2 % Care was taken to minimise the time of exposure to air when loading the sample into
the calorimeter and the furnace was purged for ∼ 10 mins with inert gas before the sample
was loaded.
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Figure 5.2: A schematic diagram of the Shimadzu UV-Vis 2100 spectrophotometer.
5.4 Optical absorption
Spectrophotometers are used to measure the optical absorption of a material as a function
of wavelength, providing provide further information on the electronic structure and the
optical properties of a material. A Shimadzu UV-Vis 2100 Spectrophotometer was used to
record the absorbance of samples from 200 - 800 nm. This is a dual beam system with a
double monochromator of the Czerny-Turner type; a schematic is shown in figure 5.2. Either
a halogen lamp or a deuterium lamp are used as the light source, the system automatically
switches between the two at ∼ 370 nm. The resolution of the system can be adjusted from 0.1
- 5 nm by adjusting the entrance and emission slits in tandem. The measurable absorbance
range is 0 to 5. The absorbance measured is
A = −log10 I
I0
(5.1)
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where I is the transmitted light intensity and I0 the incident light intensity; this measurement
depends on the thickness of the material. Data was therefore transformed into the thickness-
independent extinction coefficient (αex) values using the measured thickness, as this can be
directly related to physical theories. The extinction coefficient is a measure of both absorption
and scattering in the material per unit length and is defined as
I = I0e
−zαex (5.2)
with I and I0 as before and z is the thickness of material the beam passes through. Then from
equations 5.1 and 5.2
αex =
A
z
ln(10) (5.3)
5.5 Photoluminescence
The photoluminescence spectra of the samples were obtained using a Horiba Jobin Yvon
Fluorolog 3 spectrometer; a schematic of this system is shown in figure 5.3. The light source
is a 450 W xenon arc lamp operated in continuous wave mode; this provides a broadband
source from 240 - 900 nm. Both the excitation and emission monochromators are double
monochromators of the Czerny-Turner type. The excitation and emission slits are adjustable
to achieve a bandpass of 0.3 - 14 nm for excitation and emission separately. Both excitation
and emission monochromators have an uncertainty of 0.5 nm in the wavelength. Photon
counting detection is performed by a R928P photomultiplier which is sensitive from 185 - 900
nm.
5.6 Photoluminescent lifetimes
For a simple system the time dependence of the photoluminescence intensity can be described
as an exponential decay of the form
I(t) = I0exp(
−t
τ
) (5.4)
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Figure 5.3: Schematic diagram of the Fluorolog used [93].
where I0 is the initial photoluminescence intensity when excitation ceases and τ , the decay
constant, is the photoluminescent lifetime. The photoluminescent lifetime is given by the
inverse of the probability of the transition. Two systems were used to measure photolu-
minescent lifetimes; both utilise the Horiba Jobin Yvon Fluorolog 3 spectrometer but with
variable external pulsed excitation sources instead of the xenon lamp. For short lifetimes
(> 1 µs) a time correlated single photon counting (TCSPC) setup was used. NanoLEDs
were used as the excitation source as these have a narrow pulse width (∼ 1 ns). Various
wavelengths were used: 265 nm (<1 ns), 295 nm (<1 ns), 341 nm (<1 ns), 463 nm (1.3 ns),
592 nm (1.4 ns), 632 nm (1.3ns), 670 nm (≤200 ps) and 742 nm (1.5 ns). These illuminate the
sample causing photoluminescence and the emitted photons then pass through the double
monochromator to the detector of the Fluorolog 3. Deconvolution with the nanoLED pulse
profile can be performed allowing resolution of lifetimes down to 100 ps. For longer lifetimes
(? 1 µs) a Multichannel Scaling single-photon-counting spectroscopy (MCS) system was used.
SpectraLEDs were used as the excitation source; the pulse duration from these is adjustable
from 100 ns to milliseconds. The spectraLEDs used had peak wavelengths of 370 nm, 465 nm
and 498 nm. The fluorolog emission monochromator and detector were again utilised.
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5.7 Variable temperature measurements
A RMC 22 closed cycle cryostat was used to obtain temperatures from 12 K to 380 K. This uses
a 4 stage Gifford-McMahon refrigeration cycle with helium gas as the refrigerant. Objects may
be cooled by attaching them to a metallic cold plate inside a vacuum chamber which is in ther-
mal contact with the helium vapour chamber. The cryostat was used for photoluminescence
and photoluminescent lifetime measurements in the fluorolog and absorption measurements
in the spectrophotometer. Figure 5.4 shows the sample holders which were attached to the
cold plate for use in the fluorolog and spectrophotometer. Both are made of oxygen free
high conductivity (OFHC) copper and are thermally connected to the cold finger with an
indium gasket. The temperature of the cold finger was monitored by a Lakeshore DT-400 PN
diode connected to a Lakeshore 321 temperature controller, this controller operates a heater
in the cryostat to allow stable temperature measurements and heating. We also monitored the
temperature much closer to the sample with a second Lakeshore DT-400 PN diode mounted
on the sample holder as seen in figure 5.4; the temperature from this diode was read with the
aid of a constant current source set to 10 µA and a digital voltmeter. Reported temperatures
are those observed from the DT-400 PN diode close to the sample. However, in general there
was less than 2 ◦C difference in the temperatures. This indicates good thermal contact and
conductivity of the sample holders.
(a) (b)
Figure 5.4: Cryostat sample holders; (a) used in the fluorolog for fluorescent measurements,
and (b) used in the spectrophotometer for absorption measurements (b).
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5.8 Thermally stimulated luminescence
Thermally stimulated luminescence (TSL) refers to the phenomenon of energy being stored
in ’traps’ in a material then released as luminescence as the material is heated. TSL measure-
ments were carried out on the set-up described by Quilty et al. [94]. An emulsion is created of
powdered samples and silicone oil, this is spread onto the combined sample holder, heating
element and sensor which consists of two back-to-back PT100 precision resistors. These have
dimensions of approximately 2 × 5 mm2 and temperatures from 30 - 450 ◦C could be reliably
obtained. The samples were irradiated by a Philips PW 1720 x-ray generator, generally
operated with a tungsten tube and no filtering. As the sample was heated post-irradiation,
the emitted light was guided to the detector via a 600 µm fibre optic cable. The detector
used was either a photomultiplier (PMT), or a CCD spectrometer; the latter offered spectral
resolution but at a cost of a decrease in the signal to noise ratio. The PMT was a peltier-cooled
Electron Tubes Limited 9558QB PMT which was connected to a Stanford SR445A preamplifier
(with a gain of 125) and thence to a Stanford SR400 two-channel gated photon counter. The
spectrometer used was an Ocean Optics USB2000 CCD spectrometer, with a blaze angle of
500 nm, a range of 200 - 850 nm, a slit width 60 µm and a resolution of 1.5 nm. All reported
results have been corrected for the spectral response of the detector. The correction was
achieved by recording the emission of a calibrated tungsten lamp. The correction ends at 300
nm as the lamp used is uncalibrated below 300 nm.
5.9 Electron spin resonance
Figure 5.5 shows a diagram of the custom build electron spin resonance (ESR) spectrometer
used. A Gunn diode generates microwaves of frequencies 9 - 9.5 GHz (X-band). The
microwave frequency is monitored by a frequency counter. The microwave’s path is split by a
”magic T”; half the intensity is directed though a wave guide to the cavity and the other half is
directed to an impedance load. The impedance load is adjusted so that no power is reflected
from it. The coupling in the cavity is also adjusted so that in the absence of ESR, power is
also not reflected from the cavity. When ESR absorption occurs the cavity is mis-matched
5.10. Radioluminescence 65
Figure 5.5: Schematic diagram of the electron spin resonance (ESR) spectrometer used [95].
and some power is reflected. At the ”magic T” this signal is divided in two; half the intensity
is directed to the microwave detector and the other half to a isolator which protects the Gunn
diode. The signal is modulated, generally at 51 kHz, and detected by a lock in amplifier
before being recorded by computer software. The cavity is in a large electromagnet capable
for fields between 0 and 600 mT. The field strength is monitored by a Hall probe attached to
the electromagnet.
5.10 Radioluminescence
Radioluminescence is the radiative de-excitation of luminescent centres that occurs when
x-rays are absorbed by the material and this energy is transferred to luminescent centres. To
record radioluminescence, both Philips PW1700 and PW1730 X-ray generator sets were used
as the x-ray source; most measurements were carried out using a tungsten tube. A 0.7 mm
aluminium filter was used in the beam to eliminate the soft (low energy) x-ray intensity. A 600
µm fibre optic cable was used to guide the emitted light to the detector. An Ocean Optics USB
4000 spectrometer was used as the detector. This has a range of 200 - 1100 nm and is blazed
at 300 nm. The entrance slit width is 50 µm and the resolution 2 nm. All reported results
have been corrected for the spectral response of the detector; the correction was performed as
above for the USB2000 spectrometer.
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(a)
(b)
(c)
Figure 5.6: Schematics of the x-ray imaging configurations used; (a) straight through irra-
diation and detection (b) front surface irradiation and (c) front surface irradiation with a
mirror.
5.11 X-ray imaging
Recently Winch and Edgar [96] introduced a new read-out technique for storage phosphors
using a digital camera rather than the traditional raster-scanned laser technique. With slight
modification this set-up was adapted for x-ray imaging based on the prompt phosphors
reported in this thesis. Figure 5.6 shows diagrams of the imaging configurations used.
As the x-ray beam passes through the imaging target, the beam is attenuated according to the
composition of the target. The spatial variation of intensity of this beam causes a luminescent
image to be formed on the sample. This image is then captured with a digital camera. The
exposure time used on the camera can be varied to suit the intensity of the luminescence.
The cameras used were a Canon EOS 5D Mark II digital SLR camera or a SBIG ST-2000XM
CCD camera. The front surface mirror is made of mica which has a very low cross section
for x-ray absorbance so that the x-ray beam passes through unaffected to the phosphor. The
phosphor then forms an image of the target in visible light which reflected by the mirror into
the camera. The x-ray source used was a de Goetzen Xgenus dental x-ray set with a tungsten
tube operated at 70 kV, 8 mA, and with a 2 mm aluminium filter.
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Table 5.1: Selected properties of the XP2020Q [9] and R5929 photomultipliers used.
Property XP2020Q R5929
Anode pulse rise time (ns) 1.6 15
Transit time (ns) 28 60
Cathode bi-alkali multi-alkali
Spectral range (nm) 150 - 650 300-900
5.12 Scintillation
To observe scintillation, 137Cs sources were mainly used as the gamma ray source, these
emit 0.66 MeV gamma rays and have a strength of ∼ 10 µCi. Photomultipliers (PMTs) were
used to detect the light emitted under gamma irradiation. Two PMTs were used, a Photonis
XP2020Q and a Hamamatsu R5929; these two PMTs have different properties some of which
are tabulated in table 5.1. The fast response time of the XP2020Q meant it was the PMT of
choice for timing and high frequency pulse counting applications. However when working
with red emissions the XP2020Q lacks sensitivity, and so we used the R5929. A Tektronix
1 GHz 7104 fast oscilloscope recorded the signals from the PMTs with or without signal
averaging of scintillation events. A time correlated single photon counting (TCSPC) system
was built and used for scintillation lifetime measurements; this is described in more detail in
chapter 6.
Pulse height analysis spectra were recorded using the R5929 PMT. Samples were optically
coupled to the PMT with optical grease and covered in multiple layers of white teflon tape to
concentrate scintillation light on the photocathode. The PMT signal was amplified with a
fast pre-amplifier (Ortec 9305), then further amplified and integrated with a linear amplifier
(CI1410) before being recorded on a pulse height analyser (Fastcom MCA3).
5.13 Photomultiplier tube spectral response correction
To compare scintillators which which emit in different regions of the spectrum it is necessary
to account for the different quantum efficiencies of the photodetector at the different emission
wavelengths. The spectral response of both a Hamamatsu R5929 PMT and a Photonis
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Figure 5.7: Quantum efficiency curves of Hamamatsu R5929 [97] and Photonis XP2020Q [9]
photomultiplier tubes.
XP2020Q PMT are shown in figure 5.7; there is a clear variation with wavelength for each
PMT. For narrow line emissions, corrections for the PMT spectral sensitivity are straight
forward. However, for the measurements of broadband emissions, a more complex process
is required. Corrected spectra for the emissions to be compared were first recorded on the
fluorolog spectrometer. These were fitted with single Gaussians and the integrated area
normalised. Each Gaussian was then multiplied by the spectral response of the PMT and
the result was integrated. The resulting integrals give the relative expected intensities for
the different emissions detected by the PMT. The ratio of these integrals was taken as the
correction factor.
5.14 Afterglow
Afterglow was measured on the novel set up described by Bartle et al. [98]. In this set-up
the sample to be measured is optically coupled to a photomultiplier tube (PMT), this whole
arrangement is passed through a Smiths-Detection DEXA (dual energy X-ray absorption)
scanner via a conveyor belt system. An object which passes through the scanner experiences
a brief intense pulse of x-rays. For our measurements, the conveyor belt speed gave a pulse
that was 12 ms long. By recording the signal from the PMT and deconvolving this with
the Gaussian x-ray pulse shape one can measure the afterglow of the material. Two PMTs
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Figure 5.8: A photograph of the collimator and pneumatic shutter of the Koala beam. The
estimated neutron beam position has been drawn for clarity.
were used in this set-up; an ADIT B38B01S for blue emitting materials and a Hamamatsu
R5929 for red emissions. The PMT signals were recorded on a Tektronix TDS 2022 digital
oscilloscope.
5.15 Neutron irradiation
Neutron irradiation was performed at the Australian Nuclear Science and Technology Or-
ganization’s (ANSTO) OPAL reactor located at Lucas Heights, Sydney. The Koala line was
used; this is normally used for Laue diffraction but allowed us access to a beam of thermal
neutrons of intensity ∼ 2.5 × 106 neutrons cm−2s−1. The experimental set-up is very similar
to that described by Bartle et al. [98]. The beam passed through a collimator (10 mm × 2 mm)
before reaching a sample. A fast pneumatic shutter made of 10B impregnated Al was used to
shut the beam off from the sample in about 1 ms. 10B has a very high cross section for neutron
capture, so that once the shutter is in place effectively no neutrons will reach the sample.
The collimator, shutter and beam path can be seen in figure 5.8. The samples were optically
coupled with optical grease to a perspex light guide 100 mm long which was wrapped in
Al foil then black tape. The other end of the light guide was coupled to a Hamatsu R5929
photomultiplier tube (PMT). The sample and PMT all sat on a stage which could be adjusted
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until the sample position was such as to have the beam entirely located on the sample. The
difference in signal from the PMT with the shutter open and then closed provided a measure
of the emission intensity; this was compared to that for a commercial neutron scintillator. The
afterglow profile was also recorded by monitoring the signal as the shutter was closed. To
make the recordings a digital Tektronix TDS 2022 oscilloscope was used.
Chapter 6
Time correlated single photon counting
for scintillation lifetimes
6.1 Introduction
Time correlated single photon counting (TCSPC) is a technique for determining the time
dependence of the light intensity of pulsed luminescence, and was originally introduced
for scintillation applications by Bollinger and Thomas in 1961 [99]. TCSPC is a broadly
applicable technique used in a wide array of applications such as ultra-fast recording of optical
waveforms (e.g. fluorescence lifetime measurements), detection and identification of single
molecules, fluorescence correlation spectroscopy, DNA sequencing, optical tomography,
photon correlation experiments, fluorescence lifetime imaging, and fluorescence resonance
energy transfer [100]. In the following discussion the focus will be on the measurement of the
decay time of scintillation luminescence, where the scintillation is gamma-ray induced and
the detectors used are photomultiplier tubes (PMTs).
A single scintillation event consists of a multitude of photons. The basic definition of a
scintillation decay time (τ ) is that the probability that a photon is emitted at time t after the
excitation is given by
P (t) = P0exp(
−t
τ
) (6.1)
Where τ is mean time for mean lifetime of the excited state. Figure 6.1 shows a typical
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Figure 6.1: Real scintillation event as recorded on an oscilloscope.
scintillation decay as recorded on an oscilloscope. Each photon detected causes a sharp
response ’spike’, these add up to form the overall decay shape. As can be seen in figure 6.1
the result is far from the ideal smooth decay one might imagine.
To measure the lifetime of the luminescence requires the recording of the arrival times of
these photons. The principles of TCSPC lifetime measurements are illustrated in figure 6.2.
In TCPSC two detectors are used, the ’start’ detector and the ’stop’ detector. The optics are
arranged so that the majority of photons from each scintillation event reach the start detector
but on average less than one reaches the stop detector. When the start detector detects the
leading edge of the large start pulse, a timing unit is triggered. This timing unit is then
stopped when the stop detector detects a single photon; the time interval between the start
and stop signals is recorded and sent to a time-to-amplitude converter (TAC). By doing this
for many excitations, a histogram of the time difference between the start and stop signals
can be built which reproduces the scintillation decay shape. The technique relies on the fact
that for the highly attenuated stop beam, the intensity is so low that the chance of more than
one photon being detected is negligible [99], but in consequence, the majority of start signals
have no stop signal. This means the acquisition times for such a measurement are long as the
information from a large proportion of the scintillation events is discarded.
It is important to note the detector output signals do not directly trigger the timing unit;
instead they are used to trigger constant fraction discriminators (CFD)s, the outputs of
which in turn start and stop the timing on the TAC. A CFD is used as this generates a very
narrow output pulse only when the input pulse reaches a specified fraction of its maximum
amplitude as depicted in figure 6.3 (b). This means the timing of the output with respect
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Figure 6.2: The scintillation pulse consisting of many photons (top) is used to start the timing
unit and an attenuated single photon signal from the same pulse is used to stop the timing
unit. This time difference is recorded for many events (middle) to build up a histogram
representing the original waveform (bottom) [100].
to the pulse arrival does not change with pulse amplitude (”timewalk”) as it would for a
constant level trigger as shown in 6.3 (a). The TAC generates a pulse which has an amplitude
that is proportional to the time difference between the start and stop signals. This pulse is
then recorded in a channel (”bin”), with a channel number corresponding to the size of the
pulse by the multichannel analyser (MCA). The bin number is linearly related to the pulse
height.
Figure 6.3: (a) Constant level triggering and (b) constant fraction triggering.
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6.2 The advantages of time correlated single photon count-
ing scintillation timing
There are a wide variety of techniques available for time resolved detection of optical signals.
The lifetime of a light pulse can be recorded using either time-domain techniques or frequency
domain techniques. In time-domain techniques the signal intensity as a function of time is
recorded, whereas with a frequency domain technique the phase and amplitude of the signal
are measured as a function of excitation frequency. The two are related by a Fourier transform
and so provide equivalent information. However, in practice time-domain techniques gener-
ally prove easier for lifetime measurements, and are in fact the only option for processes with
random start times such as scintillation. Further categorising of the measurement technique
is based on photon counting vs. analogue techniques. With photon counting techniques, the
signal comprises a distribution of pulses from which those from photons can be distinguished
by pulse height spectra, by using a level discriminator. ”Dark current” noise, such as that
from thermally ejected cathode electron, is thus discriminated against, which is not possible
with analogue techniques.
Using a photon counting technique is beneficial as it is the frequency of the pulses which gives
the intensity as opposed to the amplitude of the pulses. This means the result is unaffected by
noise, amplitude jitter and long term stability issues which are detrimental to analog systems.
Photon counting is also beneficial when wait times between signals are greater than the pulse
width detected, as is generally the case in gamma-ray induced scintillation. In this situation
an analogue system accumulates a considerable noise signal, and is subject to background
drift which leaves photon counting systems unaffected.
TCSPC is a time-domain photon counting technique. Two general techniques for photon
counting in the time domain are Multichannel Scaling (MCS) or TCSPC. MCS systems
advance through many channels (time intervals) at a high speed and count the number of
detected pulses during each time interval into the corresponding memory channels. This
technique is limited by the speed of the memory of the MCS. TCSPC has no such limitation;
the time difference between the start and stop signals is recorded as a count in the channel
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corresponding to that time interval. The channel width can be as little as picoseconds,
offering very high timing resolution. In fact TCSPC is able to offer higher (∼ × 10) time
resolution than any analogue system because the resolution is not limited by the single
electron response (SER) time of system, which is around 5 ns in most PMTs [101]. Instead
in TCSPC because the detector outputs trigger CFDs, which have very fast rise times, the
accuracy is limited by the jitter in the leading edge of the photomultiplier output pulse. This
jitter is caused by differences in the time between absorption of a photon at the photocathode
and the corresponding electron pulse reaching the anode and is around 0.5 ns for most
PMTs [101].
An area in which analogue techniques are potentially superior is in light intensity and
acquisition time. The maximum light intensity for an analogue system is virtually unlimited
when the PMT pulses are integrated to give a steady DC current, at least until the anode
current becomes comparable with the dynode resistor current. With photon counting the
maximum is 10 - 100 MHz [100]; this is limited by the SER. The average time interval
between photon pulses must be larger than the SER time in order for the single photons to be
distinguished. The count rates in TCSPC systems are further limited by the large amount
of dead time required to process each photon. However, modern systems still achieve rates
of several million photons per second. Corresponding to the higher count rates achievable,
analogue techniques offer shorter acquisition times. Despite this one drawback, TCSPC is the
most accurate and most commonly used technique to measure scintillation decay times.
6.3 Configuration
6.3.1 Optics and hardware
TCSPC systems with high timing resolution can be set up from standard Nuclear Instrumen-
tation Modules (NIMs). Shown in figure 6.4 is a block diagram of the configuration and
shown in figure 6.5 is a photograph of the actual arrangement which was built and tested.
Fourteen 137Cs sources are used as the excitation source; these emit gamma rays of 0.66 MeV.
The detectors and operators are well shielded by thick (5 cm) blocks of lead. The start and
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Figure 6.4: Block diagram of the configuration used in our system.
Figure 6.5: Photograph of the configuration used in our system, the oscilloscope and NIM
bin can be seen on the left and the PMTs in the centre under the black cloth.
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(a)
(b)
(c)
Figure 6.6: The arrangement of the scintillator to be measured depends on the optical and
physical properties of the material, suggestions are shown in (a) for a transparent scintillator,
in (b) for a non-transparent scintillator and (c) a non-transparent scintillator which has a
uniform composition.
stop PMTs are aligned concentrically but anti-parallel. If the scintillator to be measured is
transparent this can be optically coupled to the start PMT with optical grease; the other side
can then be partially covered in reflective Teflon tape with a hole to allow some photons to be
transmitted in the opposite direction to the stop PMT; this is depicted in figure 6.6(a). If the
scintillator is not transparent it may be placed in the PMT tube holder on an angle towards
the start PMT and a small white reflector placed on the PMT to reflect some photons to the
stop PMT as depicted in figure 6.6(b). Alternatively a prism may be used to reflect some
light at 180 ◦ as depicted in figure 6.6(c), this arrangement can only be used for homogeneous
scintillators as the recorded stop photons will have originated in only a small portion of the
scintillator.
To further reduce the stop signal to around 1 photon per 100 scintillation events, neutral
density filters, pinholes and/or interference filters (for wavelength selectability) can be placed
in front of the stop detector. Figure 6.7 shows a neutral density filter and a pinhole aperture
mounted in one inch square holders; these can be slotted into the attachment to the PMT
78 Chapter 6. TCSPC for scintillation lifetimes
(a) (b)
(c)
Figure 6.7: (a) Neutral density filter in holder , (b) Pinhole aperture in holder, both to be used
to cut down the light intensity to a single photon event level for the stop detector and (c) the
attachment to the PMT these fit into.
shown in figure 6.7(c) in the light path from the scintillator to the stop PMT.
The large scintillation pulses from the start PMT (XP2020Q) are fed to one unit of a fast quad
pre-amplifier (Stanford Research 445, 350 MHz) with a × 5 gain to make them large enough
to trigger the CFD (Tennelec 453). The single photon pulses from the stop PMT (XP2020Q) are
fed to a different channel of the same fast preamplifier, cascaded with a second unit (total gain
× 25) before the CFD (Ortec 483). Fast pre-amplifiers are needed to make the signal detectable
but not change the timing characteristics. The CFD outputs are used to trigger a time to
pulse-height converter (Ortec 437A). This outputs a pulse which has an amplitude which is
proportional to the time difference between the start and stop signals. The TAC output then
drives a multichannel analyser (Fastcom MCA3) which measures the input voltage pulse
amplitudes and sorts them into a histogram of number of events versus pulse-height. The
time range is set on the time to pulse height converter and spans the range from 200 ns to 80
µs.
6.3.2 Photomultipliers and constant fraction discriminators
For single photon counting the voltage on the PMT or the CFD setting must be optimised.
The signal increases with PMT voltage but so does the dark count at a different rate. For the
CFD setting a lower setting increases both the signal and dark count at different rates. To find
the optimal operating settings one can either vary the CFD setting for a fixed PMT voltage or
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Figure 6.8: The change in frequency of counts on stop PMT with the LED on (red circles), the
LED off (black squares) and the signal to noise ratio (SNR) (blue triangles) as a function of
PMT voltage. The lines are provided as a guides to the eye.
vary the PMT voltage for a fixed CFD setting and observe the SNR variation; we chose the
latter.
A low forwards current was applied to a LED to form a weak light source, and neutral density
filters were then used to further reduce the intensity of the light until single photons became
distinguishable. The frequency of detected pulses from the CFD (with the CFD setting fixed
at 100 mV) was recorded as a function of PMT voltage with the LED on (signal + dark
counts) and off (dark counts) as shown in figure 6.8. The ’knee’ of the graph corresponding
to optimal SNR occurs around -2100 V. This is the voltage setting used for all experiments.
The sensitivity of the system is limited by dark counts on the stop PMT. For an XP2020Q
operated at -2000 V Photonis quote 900 counts/s [102], but in TCSPC this is reduced by using
the CFD. We measure a background rate of 30 counts/s with the 137Cs sources present but
no scintillator. These counts are due to scintillation in the glass envelope as well as cosmic
rays.
The amplitude of the start pulse will vary for each scintillator measured and will depend
on the light output and decay time of the scintillator. Because of this, optimisation of the
PMT and discrimination threshold should be specific to each particular scintillator, but in
practice, as the start PMT works from much larger scintillation pulses as opposed to single
photons, optimisation of the settings is not so critical. We have optimised the PMT voltage as
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(a) (b)
Figure 6.9: (a) The change in frequency of counts on start PMT with LED on (red circles), the
LED off (black squares) and signal to noise ratio (SNR) (blue triangles) as a function of PMT
voltage (b) and as a function of CFD setting. The lines are provided as guides to the eye.
for the stop PMT above, but without a CFD or neutral density filters. Again the frequency of
detected pulses was recorded with the LED on and off and the SNR calculated as the PMT
voltage was varied this is shown in figure 6.9(a). From this the optimal voltage (the knee)
was observed to be -1800 V. This voltage was used in all further work. While the start and
stop PMTs are the same models we are operating them in quite different regimes; one is
detecting single photons while the other is detecting a larger pulse resulting from multiple
single photon events. Furthermore the output of the stop PMT is being discriminated and
that of the start PMT is not and hence, the difference in optimal voltage.
With the start PMT set at -1800 V and a CFD added before the frequency counter we recorded
the variation in the SNR as the discriminator setting was varied; this is shown in figure 6.9(b).
There is very little variation visible in this SNR curve. This means that the time consuming
process of optimising the settings for each trial scintillator can be avoided. Instead one can
adjust the CFD setting, while monitoring the PMT output and CFD output on an oscilloscope,
until pulses corresponding to scintillation events exclusively trigger the CFD. This is far
more practical and as can be seen from figure 6.9(b) this will have little effect on the SNR
achieved.
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6.3.3 Count rate
When the system is in operation a frequency counter (Agilent 53131A 225 MHz Universal
Frequency Counter/Timer) is used to ensure the counts rates are appreciable and to avoid
”pile up”. Pile up is the name given to the situation where the light attenuation in the stop
beam is inadequate and more than one stop photon is detected from one start pulse. The
TAC converts on the first pulse detected, thus leading to a shortening of the recorded lifetime.
Significant pile up begins to occur if over 5 % of start pulses result in a stop signal [100].
The ”Hit rate” (H) is the fraction of start pulses resulting in a stop, signal corrected for dark
current pulses, and is given by
H =
fstop(S)− fstop(NS)
fstart(S)− fstart(NS) (6.2)
Where fstop(start) refers to the frequency of the stop(start) rates and S(NS) refers to ’(no)
scintillator in place’. For our configuration this is
H =
fstop(S)− 30
fstart(S)
(6.3)
The frequency counter is also used to ensure the time between start signals is on average
longer than the time range of the measurement. Figure 6.10 depicts the situation when the
time between start signals (shown at top) is shorter than the measurement time range; a
single photon is detected (shown at bottom) but could be from either start pulse. This means
for an 80 µs range (the longest available) the start signal rate can be no greater than 12500 s−1
which is greater than the rate measured for NaI(Tl).
Figure 6.10: Depiction of why if the pulse rate is higher than the measurement time range a
single photon cannot be accurately associated with the first pulse.
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(a) (b)
Figure 6.11: The instrument response of the system fitted with two Gaussians (red line)
shown on (a) a linear scale and (b) a log scale.
6.3.4 Impulse response
The instrumental response is shown in figure 6.11 on both linear and log scales. This was
recorded by replacing the scintillator with a light guide (Perspex). Perspex does not scintillate,
but under γ-irradiation Cherenkov radiation is produced which has a lifetime of a few
picoseconds, and so it can be regarded as a delta function, and used to determine the
instrument response [103]. The effective time resolution of the system is characterised by the
instrument response function (IRF) which is shown in figure 6.11. The IRF is determined by
temporal dispersion in the optical configuration, transit time spread in the PMT and timing
jitter in the recording electronics. The decays recorded with the system will be a convolution
of the scintillation decay and the IRF. The main Gaussian of the IRF has a full width half
maximum (FWHM) value of 2.5 ns. For fast scintillation decays (τ < 100 ns) deconvolution
will be required to extract the true decay. There is a second peak in the IRF which occurs 15
ns after the main peak. This may be an after-pulse; these are spurious pulses that appear
in the wake of true pulses at defined intervals. There are two main causes (a) ionization
of residual gases and (b) luminous reactions. After-pulses due to the ionisation of residual
gases occur hundreds to thousands of ns after the original pulse [102]. After-pulses due
to luminous reactions occur within 15-100 ns of the main pulse. These are due to the PMT
dynodes emitting photons when bombarded with electrons, in some PMTs these photons can
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Figure 6.12: Background spectrum (blue) shown over the IRF (red) so as to show the contri-
bution to the IRF due to the background.
Table 6.1: Double Gaussian instrumental response fit parameters.
Parameter Value
y0 0.20
A1 100
t1 (ns) 48
w1 (ns) 1.1
A2 1.2
t2 (ns) 63
w1 (ns) 1.7
strike the photocathode causing a delayed pulse (after pulse). Luminous after pulses are the
most likely cause of the second peak in the IRF. From figure 6.11 the integrated area under
this peak is less than 1 percent that of the main response and as such should not significantly
affect any results, in addition both peaks can be allowed for in deconvolution processes.
The IRF has been fitted with two Gaussians, which are time shifted with respect to each other,
to approximate the response for deconvolution purposes. The fitted curve is
I = y0 + A1exp(
−1
2
((t− t1)/w1)2) + A2exp(−1
2
((t− t2)/w2)2) (6.4)
and the fitted parameters are given in table 6.1.
As well as the IRF we record a spectrum with the same settings as used for the IRF but with
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Table 6.2: Calibration factors for use with time to pulse-height converter and MCA.
Multiplier Calibrated channels per ns Nominal range Actual range
(ns) (ns)
x1 19.1 200 214
9.77 400 419
4.41 800 929
x10 7.94 500 516
3.84 1000 1070
1.87 2000 2190
0.958 4000 4280
0.471 8000 8700
x100 0.735 5000 5570
0.369 10000 11100
0.181 20000 22600
0.0872 40000 47000
0.0380 80000 94000
the optical path from the perspex to the stop PMT blocked. This allows the measurement of
the spurious signal due to gamma rays interacting with PMT or electronic crosstalk. This is
the background spectrum and is shown in figure 6.12.
6.3.5 Calibration
The time to pulse height converter font panel specifies nominal settings for the time interval
which generates a 10 V pulse. These settings apeared to be significantly in error, and so a
calibration was carried out. A function generator was used to pulse two light emitting diodes
(LEDs) at a known time difference. The time difference between these pulses after passing
through the pre-amplifiers and CFDs was observed on a fast (1GHz) oscilloscope (Tektronix
7104). The time difference recorded on the oscilloscope was compared to the peak channel
on the multichannel analyzer (MCA) spectrum. This was done for all time range settings
on the time to pulse-height converter. The calibration plots are shown in figure 6.13, and
the correction factors obtained are tabulated in table 6.2. The linear trend lines are all good
fits and the calibration error varies between 7 and 15 % to that expected from the nominal
settings.
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Figure 6.13: Calibration of the time to pulse height converter on the (a) × 1 multiplier (b) ×
10 multiplier and (c) × 100 multiplier time settings.
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6.3.6 Dynamic range
The dynamic range is the time range the analogue to digital converter (ADC) operates over.
The ADC used in the setup described here is a Fastcom MCA3, which has 4096 bins. To
measure a decay component of τ accurately one needs the bin width to be less than or equal
to τ
10
; however the dynamic range needs to be 3 times the longest decay component [101].
The shortest time range usable on the time to pulse height converter is 200 ns, so over 4096
bins this gives the fastest recordable decay time of 0.5 ns. While the system can also record
decays out to 27 µs the two components cannot be recorded in the same spectra, however
one has the option of recording two spectra and simultaneously fitting both data sets.
6.4 Alternative measurement technique
The main alternative to using a TCSPC set-up for measuring scintillation lifetimes is to
use a fast oscilloscope. However even fast oscilloscopes (such as the Tektronix 7104) have
digitisation problems, since only a discrete number of levels are available to represent the
continuous signal. Most oscilloscopes are based on either a 8-bit or a 16-bit analog-to-digital
converter (ADC); fast (GHz) oscilloscopes generally only have 8-bit converters. An 8-bit
converter provides only 256 levels [104]. This means the recorded decays have high levels of
’quantisation noise’.
6.4.1 The effect of signal averaging
For scintillation events it is desirable to record the decay over 3 orders of magnitude (or 1
in 1000). This is difficult on a fast oscilloscope as, with only 8 bits, one can achieve a signal
that is at best defined to 1 part in 256. Signal averaging is normally used to improve ”noisy”
signals; signal averaging takes the mean of the digitised values. Figure 6.14 shows a single
scintillation event and an average of 2000 such events. The single decay shows marked
fluctuations due to the statistical nature of photon emission. In figure 6.14(a) the quantisation
of the data is particularly evident for signals between 1 mV and 10 mV; there are only three
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(a) (b)
Figure 6.14: (a) Typical single scintillation event and (b) the signal average of 2000 such
events.
values over this order of magnitude change in signal. As seen in figure 6.14 signal averaging
removes the quantised look of the data, but whether the decay is more accurately represented
is not clear.
In both figure 6.14(a) and figure 6.14(b) the signal is essentially the DC background from
t = 7.0 ms to t = 17 ms. The DC background of the single event signal is -2.3 mV and the
standard deviation around this value is 0.00158. For the averaged event the DC background
signal is -2.1 mV and the standard deviation of the the signal around this value is 0.000134.
The averaged signal is comprised of the mean value from of 2000 events, and so for a non
quantised signal the SNR should be ∼ √2000 times better than for a single event. However
the standard deviation is only ∼ √140 times better. Signal averaging is far less effective on
a quantised signal. Therefore, while signal averaging does improve the quantised look of
the data and does improve accuracy this is not at the expected rate due to quantisation. This
makes it difficult to achieve high accuracy over the whole decay with an oscilloscope, and
this particularly limits measurements of longer lifetimes.
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Figure 6.15: Photograph of NaI(Tl) single crystal scintillator.
6.5 Comparison with a fast oscilloscope
It is of interest to compare our TCSPC results with those from a fast oscilloscope to confirm
firstly that we record similar decay times with the two systems and furthermore to compare
the performance of the two systems. We want to record decays over three orders of magnitude
in order to resolve long lifetime components.
6.5.1 NaI(Tl) scintillator
NaI(Tl) is a commercially used scintillator and at 20 ◦C has a reported dominant lifetime
component of 230 ns with a slower 1100 ns component in a 4:1 intensity ratio at room
temperature [30]. The decay times are temperature dependent. Figure 6.15 shows a single
crystal of NaI(Tl) from St Gobain and figure 6.16(a) shows the scintillation profile recorded on
a 1 GHz fast oscilloscope (Tektronix 7104). The signal recorded is an average of 2052 events,
triggered from a CFD. This has been fitted with a double exponential decay of the form
Y = Y0 + A1 exp(
−t
τ1
) + A2 exp(
−t
τ2
)
with lifetime components of τ1 = 236 ns and τ2 = 936 ns in an integrated intensity ratio of 10:1.
At 23 ◦C (the temperature of our measurements) the principal decay time specified by the St
Gobain is 237 ns [105].
Shown in figure 6.16(b) is the decay of the same NaI(Tl) crystal recorded on the TCSPC
system, this has been fitted with the same from of double exponential decay with lifetime
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(a) (b)
Figure 6.16: The decay profile for a commercial NaI(Tl) single crystal recorded using (a) the
fast oscilloscope and (b) the TCSPC system, also shown in red are the double exponential fits.
Table 6.3: NaI(Tl) lifetime results from various measurements.
Literature value [30] St Gobain [105] TCSPC Oscilloscope
fast component (ns) 230 237 236 236
longer component (ns) 1100 900 936
integrated intensity ratio 4:1 3:1 10:1
components of τ = 236 and 900 ns in an integrated intensity ratio of 3:1. The decay was
recorded over two days using the TAC set to 5.5 ns/channel. Table 6.3 summarises the results
found from literature, TCSPC and oscilloscope measurements. The two methods give the
same decay time and agree with the literature, which instills faith in the TCSPC system.
6.5.2 NE102 Scintillator
The plastic scintillation, NE102, shown in figure 6.17, is a very fast plastic scintillator which
has a stated lifetime of just 2.4 ns [51, 106]. The lifetime of a commercial NE102 (BC400
equivalent) was measured on both a fast oscilloscope and with the TCSPC sytem. The
averaged pulse profile recorded on the fast oscilloscope is shown in figure 6.18(a) for 2052
events. The decay recorded on the TCSPC configuration is shown in figure 6.18(b). That
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Figure 6.17: Photograph of plastic NE102 scintillator.
Table 6.4: NE102 lifetime results from various measurements.
St Gobain [51] TCSPC Oscilloscope
fast component (ns) 2.4 2.5 6.7
longer component (ns) 20
integrated intensity ratio 12:1
recorded on the scope has been fitted with a single exponential of the form
Y = Y0 + A exp(
−t
τ
)
with τ = 6.7 ns. That of the TCSPC has been fitted prior to deconvolution with a single
exponential of the same form with τ = 6 ns. The anaylsis process can be improved by decon-
volution with the IRF; this was performed using deconvolution software (DAS6) software,
which performs a convolution of a test decay with the IRF and compares the result to the
recorded decay in an iterative process which converges on the best fit. A double exponential
decay of the form
Y = Y0 + A1 exp(
−t
τ1
) + A2 exp(
−t
τ2
)
was fitted for the actual decay; with τ1 = 2.5 ns and τ2 = 20 ns in an approximate 12:1 integrated
intensity ratio. The decay curve and fitted curve can be seen along with the instrumental
response in figure 6.18(b).
The results obtained for the NE102 scintillator are summarised in table 6.4 which shows
that the decay time recorded with the TCSPC system is in excellent agreement with the
manufacturer’s data.
When looking at the plastic scintillation profile recorded using the TCSPC system on a longer
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(a) (b)
Figure 6.18: The decay profile for NE102 plastic scintillator recorded using (a) the fast
oscilloscope and (b) the TCSPC system, also shown in red are the single exponential fits.
timescale as in figure 6.19 there is clear evidence of after-pulses. The after-pulse peaks visible
in figure 6.19 occur 265, 370, 510 and 734 ns after the main pulse with those at 265 ns and 734
ns being the dominant after-pulse peaks. These time-scales are appropriate for after-pulses
caused by ionization of residual gases in the PMT. Some commonly observed ions are H+,
H+2 , He2+, He+, N+, O+ and CH
+
4 which typically occur ∼ 250, 300, 300, 400, 850, 850 and
1000 ns after the main pulse respectively (although this does vary with the particular PMT
design) [102, 107]. Thus the main after-pulses can likely be assigned to H+, and N+ and/or
O+. Residual gases may left in the PMT after evacuation, desorbed by the structural materials
or may be He or H2 that has migrated through the glass envelope, which may be ionized by
electrons. The hydrogen gas may have permeated the glass envelope of the PMT whereas any
larger molecules such as nitrogen or oxygen must be from the original manufacturing process.
Residual gases are found in most PMT’s which have been in use for some time.
6.5.3 Developmental scintillator
Ba0.3Sr0.7Cl2 doped with Eu2+ is a developmental x-ray phosphor discussed in this thesis. The
lifetime of Eu2+ luminescence is in general much longer than the decays discussed above at∼
1 µs in most compounds. Thus Ba0.3Sr0.7Cl2:Eu2+ offers a longer timescale over which to test
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Figure 6.19: Longer timescale NE102 scintillation profile showing evidence of after-pulsing.
the system. Shown in figure 6.20(a) is the decay recorded on the fast oscilloscope (a) (average
of 2052 events). The lifetime recorded on the TCSPC system is also shown in figure 6.20(b).
Both scintillation profiles have been fitted with single exponential decays of the form
Y = Y0 + A exp(
−t
τ
)
and the fitted lifetimes are both 1.6 µs showing good agreement. The photoluminescent
lifetime recorded under UV excitation is 1.0 µs (see chapter 8) and one expects a longer decay
time for scintillation due to additional energy transfer processes, so these are reasonable
results. Figure 6.20(b) clearly shows the significantly improved dynamic range and S/N ratio
achieved with the TCSPC system compared to the oscilloscope (figure 6.20(a).
6.6 Possible improvements
Cooling the PMT is a well known and commonly used technique to reduce dark counts. This
would help to lower the background and improve the SNR of the recorded decay curves
enabling much longer decay times to be resolved accurately. While the temperature effect on
each PMT is different (even those of the same model), the dark counts for a bi-alkali cathode
roughly double with a 5 degree increase in temperature [108]. A decrease in temperature is
easily achievable with thermoelectric cooling or alternatively with liquid nitrogen, dry ice or
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Figure 6.20: The decay profile for Ba0.3Sr0.7Cl2:Eu2+ recorded using (a) the fast oscilloscope
and (b) the TCSPC system, also shown in red are the single exponential fits.
water cooling.
Using a different radioactive source may yield faster acquisition times and higher SNR. 137Cs
decays via the emission of a 0.66 MeV gamma ray; this is a relatively high energy γ-ray. In
general the higher the energy the more likely the γ-ray is to pass through the scintillator
without being absorbed. Using a lower energy γ-ray source would likely increase the γ-ray
absorption rate which would correspond to an increase in counting rate. This would also
decrease the number of γ-rays which may interact directly with the PMT.
In 1979 a modified TCPSC technique [103] was introduced in which a separate fast scintil-
lator is coupled to the start detector, and the excitation source is 22Na which produces two
positron-annihilation gamma rays per event that travel in opposite directions. Thus the
start timing pulse is the same for all scintillators measured. This also allows for intensity
comparisons. This technique has become quite common for fast scintillation lifetime mea-
surements. However, the requirement that both the fast ’start’ scintillator and the one to be
measured absorb gamma rays from the same event leads to an approximately five fold SNR
deterioration [103]. Hallam [103] notes that for intense scintillators, the signal-to-background
ratio is limited by the strength of the radioactive source, whereas, for weak scintillators the
signal-to-background ratio is dominated by photomultiplier noise. Thus in order to retain
maximum SNR, so as to cover the full range of potential scintillators we have opted to use
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the original technique with the start and stop signals coming from the same scintillator.
Using multiple 137Cs sources which are relatively weak (∼ 10 µCi each) as our excitation
source allows us to change the strength of the source, depending on the scintillator to be
measured.
The modified technique of Hallam [103] does offer the advantage of allowing for intensity
comparisons. It would be very easy to adapt our system for this, using the NE102 scintillator
as the start pulse and sandwiching a 22Na source between the NE102 and the scintillator to
be measured.
Chapter 7
Rare-earth (La3+, Pr3+) stabilised cubic
barium chloride
7.1 Introduction
Alkali earth halides have shown to be promising scintillator and phosphor host lattices
showing very high light yields when doped with a rare earth luminescent ion [109–111].
BaCl2 is particularly interesting as it has a high average atomic number and can form in
three different crystal structures, all of which have been suggested as x-ray detection or
imaging materials. At room temperature BaCl2 normally forms in the orthorhombic phase
which in undoped form has been found to be a fast scintillator [112–114]. It exhibits a two
component (1.5 and 85 ns) decay in a 34:66 integrated intensity ratio but has a relatively
low light output, at 2 % that of NaI(Tl) [113]. Small europium doped BaCl2 nano-crystals of
hexagonal structure can be formed in glass ceramics, and this forms the basis for a class of
transparent high-resolution storage phosphors [115]. The third phase is the high temperature
cubic fluorite phase which is only stable for pure BaCl2 between 925 ◦C and the melting point
at 962 ◦C.
Previous work by Edgar et al. [116–118] demonstrated that the cubic (fluorite) phase of BaCl2
can be stabilised at room temperature by doping with 12.5 % (by mole fraction) LaCl3 or
CeCl3. The fluorite structure can be visualised as a simple cubic lattice of anions with every
96 Chapter 7. Rare-earth (La3+, Pr3+) stabilised cubic barium chloride
second interstitial space filled by a cation. It was argued that in the lanthanum/cerium
stabilised cubic material, the added LaCl3/CeCl3 leads to La3+/Ce3+ ions substituted for
Ba2+ ions at cation sites and additional Cl− ions occupying the interstitial vacancies inherent
in the fluorite lattice.
The cerium stabilised cubic barium chloride (CSCBC) showed a good light yield of 7200
photons/MeV and a fast decay of 50 ns with the emission comprising two peaks at 348
and 373 nm in the UV part of the spectral range [116]. When additionally doped with Eu2+
ions, the lanthanum stabilised cubic barium chloride (LSCBC) was shown to be a highly
efficient x-ray phosphor. The radioluminescence output was comparable to a commercial
x-ray phosphor (Gd2O2S:Tb3+). As typical for the Eu2+ ion, this emission was in the UV/blue
region of the spectral range (∼ 400 nm) [118].
The stabilised cubic phase of BaCl2 provides a moderate density (3.917 gcm−3 [119]) material
from which transparent ceramics can be made. The previous work [116–118] showed that
additional doping with rare earth ions results in luminescent centres and this combination
forms the basis for a good scintillator. We therefore investigate samarium doped LSCBC
in the hope of observing fast efficient scintillation based on luminescence from the 4f55d1
configuration to the 4f6 ground state of the Sm2+ ion. This emission will likely be in the red
spectral region, ideal for detection by a silicon photodetector.
7.2 Lanthanum stabilised cubic barium chloride
7.2.1 Physical properties
Polycrystalline samples of Ba1−x−yLaxSmyCl2+x+y (5 ≤ x ≤ 0.125, 0 ≤ y ≤ 0.1) were formed
by melting anhydrous BaCl2, LaCl3 and SmCl3 powders in a platinum crucible. The melt
was slow cooled at 5◦C/hr through the melting point of pure BaCl2 (962◦C) then quickly
cooled at 30 ◦C/min through the cubic to orthorhombic phase transition (925◦C) to optimise
retention of the cubic phase, then slow cooled below 850◦C to minimise cracking. Powder x-
ray diffraction (XRD) patterns are shown in figure 7.1 for 0.1 % samarium doping and various
lanthanum doping values, along with the expected patterns for orthorhombic BaCl2 and
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Figure 7.1: Powder x-ray diffraction patterns: powder diffraction file pattern for cubic BaCl2,
experimental patterns for (a) 12.5 % La3+ doped BaCl2, (b) 11 % La3+ doped BaCl2, (c) 9 %
La3+ doped BaCl2, (d) 5 % La3+ doped BaCl2 and (e) the powder diffraction file pattern for
orthorhombic BaCl2.
cubic BaCl2. For 11 % and 12.5 % lanthanum (figure 7.1(c) and (d)) the material has retained
the high temperature cubic phase with minimal impurity phases. When the lanthanum
content was reduced to 9 % (c), the XRD pattern showed weak orthorhombic lines, indicating
a composite of cubic and orthorhombic phases; the intensity of the orthorhombic phase lines
increases in the 5 % pattern (a). Thus all further work was carried out on samples with one in
eight (12.5 %) of the cations being La3+. These results are in keeping with previous studies
of LSCBC:(Eu2+, Ce3+) and CSCBC which all showed optimal transparency for ∼ 12.5 %
stabiliser ion concentrations [116–118].
With additional SmCl3 doping the material still retains the cubic phase for samarium con-
centrations of up to 10 %. Figure 7.2(a) shows the powder XRD patterns for LSCBC:Sm for
samarium concentrations of 0 %, 1 %, 2 % and 10 %; the patterns are all cubic and show no
evidence of the orthorhombic phase or any other crystal structure. The lattice parameter
for the LSCBC:Sm samples was calculated from the XRD patterns and is shown in figure
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(a) (b)
Figure 7.2: (a) Powder x-ray diffraction patterns for LSCBC:Sm for samarium concentrations
of 10 %, 2 %, 1 % and 0 %. (b) Lattice parameter variation with samarium concentration for
LSCBC:Sm, the dashed line represents the lattice parameter for pure cubic BaCl2.
Figure 7.3: Photograph of a LSCBC:Sm (0.02 %) sample showing the high transparency of the
polycrystalline material obtained due to the cubic structure.
7.2(b) along with the lattice parameter for pure cubic BaCl2. The La3+ ion (ionic radius 1.032
A˚ [120, 121]) is smaller than the Ba2+ ion (1.35 A˚) it substitutes for, so the lattice parameter is
reduced to 7.285 A˚ for LSCBC, cf. 7.3110 A˚ for pure BaCl2. Since Sm2+ is also a smaller ion
(1.27 A˚) than the Ba2+ ion (1.35 A˚), additional samarium doping further reduces the lattice
parameter as can be seen in figure 7.2(b). There is an excess of Cl− ions in the material arising
mostly from the LaCl3 doping but also the SmCl3 doping (generally at lower concentrations).
It would seem likely these would sit at interstitial sites as found in LSCBC:Eu2+ [118] and
would likely be spatially associated with the La3+ ions to provide charge compensation.
The resulting materials are transparent and range from colourless (∼ 0.001 % Sm) to a light
purple colour (∼ 0.1 % Sm) to black (∼ 10 % Sm) for a few millimetres thickness. An example
can be seen in figure 7.3 which shows a LSCBC:Sm (0.02 %) sample. The optical transparency
is excellent.
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7.2.2 Optical spectroscopy
7.2.2.1 Absorption
The absorption spectrum of LSCBC:Sm is shown in figure 7.4(a) at 12 K and 300 K. The absorp-
tion spectra comprise strong characteristic Sm2+ 4f6→ 4f55d1 absorption bands superposed
on a rising background. The background is not evident in the excitation spectra and is not cor-
related with samarium concentration, so is unlikely to be associated with the samarium. The
absorption bands show a close resemblance to those of cubic SrCl2:Sm2+ [122] which suggests
that in LSCBC the predominant site is also of cubic or near cubic symmetry. The only band
which is not common is the broad band at ∼ 41,000 cm−1 which must arise from a different
electronic centre. Following the scheme given by Karbowiak et al. [122] for SrCl2:Sm2+ the
absorption bands have been labelled A-F in figure 7.4(a) and the corresponding transitions
are depicted in figure 7.4(c). The description of the 4f55d1 configuration levels is based on the
superposition of the lowest 4f5 configuration energy levels with the 5d1 configuration levels.
For a cubic site, the 5d1 configuration is split by the crystal field into a upper T2g and a lower
Eg state. The T2g is split by spin orbit interaction into a Γ7g doublet and Γ8g quartet; the Eg
state is not split and is of Γ8g symmetry. This provides three energy levels for the electron in
the 5d1 orbital. The other five electrons can then be found in any state of the 4f5 configuration
which is primarily split by the coulombic interaction, however, within the UV-Visible energy
range only the lowest two states are relevant (the 6HJ and 6FJ ). The 6HJ and 6FJ state are
further split by spin orbit and crystal field interactions, which contribute to the width of the
absorption bands [122].
As the temperature is reduced from 300 K to 12 K the sample changes colour from purple
to green as shown in figure 7.5. The apparent colour change can be explained by figure
7.4(b) which shows in an expanded view the absorption spectrum in the visible light range.
At room temperature the transmission in the visible range is primarily in the red and to a
lesser extent in the blue and blue-green region, giving the purple colouration, while at low
temperatures the narrowing of the absorption lines means that a transmission window in the
green part of the spectrum opens up, and so green dominates the perceived transmission and
scattering spectrum.
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Figure 7.4: (a) Absorption spectra at 12 and 300 K for LSCBC:Sm (0.5 %). (b) An expanded
view of the visible region of the absorption spectrum. The resolution of both spectra is
2 nm. (c) A schematic diagram of the excited state energy levels of Sm2+, the transitions
corresponding to the absorption spectrum are indicated with arrows.
7.2. Lanthanum stabilised cubic barium chloride 101
Figure 7.5: Photographs of a 0.02 % samarium sample. A change in colour from red (left, 300
K) to green (right, 12 K) is evident.
7.2.2.2 Photoluminescence and excitation spectra
All samples showed red photoluminescence visible under a UV mineral lamp as shown in
figure 7.6. This was especially intense for samarium concentrations in the range of 0.002 % to
0.1 %. Photoluminescence spectra are shown in figure 7.7 at 300 K and 12 K. The spectra are
typical of divalent samarium despite the dopant material being SmCl3. This means there is
some auto-reduction of the Sm3+ ions occurring the melt. This is often observed in alkaline
earth halides and halo-fluoride lattices where Sm2+ appears in measurable concentrations
even under conditions where no deliberate reducing agent was added to the system [123].
While there is no indication of Sm3+ ions in either the absorption or photoluminescence
spectra, the Sm3+ ion 4f5↔ 4f5 transitions would likely be swamped by the much stronger
4f6 ↔ 4f55d1 transitions any Sm2+ ions present and the reduction may be not be complete.
At least some Sm3+ ions must be gaining an electron from some other species in the melt in
Figure 7.6: A sample showing strong red photoluminescence under 365 nm excitation from a
UV mineral lamp.
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Figure 7.7: Excitation (blue) and emission (red) spectra for LSCBC:Sm (0.01 %) at (a) 300
K and (b) 12 K. An expanded view of the emission spectra at (c) 300 K and (d) 12 K. The
resolution is 1 nm for all spectra.
7.2. Lanthanum stabilised cubic barium chloride 103
order to be reduced
Sm3+ + e− → Sm2+ (7.1)
The melt must have an excess of Cl− ions (one for each La3+ or Sm3+ ion), these could
potentially donate an electron to the Sm3+ then boil off as molecular chlorine (Cl2):
2Cl− → Cl2 + 2e− (7.2)
To examine this possibility we checked for the loss of chlorine using a mass spectrometer
as a sample was heated to 1000 ◦C and seen none. Therefore the reduction must occur via
some other mechanism. The flow through gas system in the furnace is likely subject to small
air leaks in the multiplicity of joints. Therefore, in the furnace the crucible containing the
materials sits in a carbon susceptor, the atmosphere is predominantly argon with some leak
induced nitrogen and oxygen. Above ∼ 400 ◦C the leak induced oxygen will react with the
hot carbon of the susceptor to give carbon dioxide.
C +O2 → CO2 (7.3)
On further heating to above 800 ◦C the carbon dioxide further reacts with the carbon susceptor
to give carbon monoxide [124]
C + CO2 → 2CO (7.4)
Carbon monoxide is a strong reducing agent, and so now at least some of the Sm3+ ions are
reduced. Unlike the Sm3+ ions, we do not expect the La3+ ions to undergo any reduction
because the third ionization energy of lanthanum is low (19.2 eV compared to 23.4 eV for
samarium [119]), and so La2+ ions are rarely seen and are generally unstable [125, 126].
The photoluminescent emission of LSCBC:Sm2+ shows very strong temperature dependence
as evident in figure 7.7. Marked temperature dependence is also seen for the similar materials
BaCl2 [127, 128], BaClF:Sm2+ [129] (both orthorhombic), SrF2:Sm2+ [130] and SrCl2:Sm2+ [73]
(both cubic). The thermal dependence of the luminescence arises due to the proximity of
the excited 4f6 states and lowest levels of the 4f55d1 configuration as depicted schematically
in figure 7.8. At room temperature a broad band emission corresponding to the electric
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Figure 7.8: Diagram of the radiative transitions observed from the photoluminescence spectra
at low temperatures (blue) and high temperatures (red).
Table 7.1: Selection rules applied to intra 4f6 configuration transitions for a cubic site of Oh
symmetry, the magnetic dipole allowed transitions are indicated with a Y.
Final state
7F0 7F1 7F2 7F3 7F4
Initial State (A1g) (T1g) (Eg) (T2g) (A2g) (T1g) (T2g) (A1g) (Eg) (T1g) (T2g)
5D0 (A1g) Y Y Y
5D1 (T1g) Y Y Y Y Y Y Y Y Y Y
dipole allowed 4f55d1→ 4f6 transitions, as shown with red arrows in figure 7.8, are dominant.
As the material is cooled to 12 K the sharp line transitions (4f6 → 4f6), as shown with blue
arrows in figure 7.8, become the dominant feature. This dramatic change is not observed in
the excitation or absorption spectra; these are dominated by 4f6 → 4f55d1 transitions at all
temperatures.
Due to shielding from the crystal field by the outer 5s and 5p orbitals, the 4f6 levels of Sm2+ do
not show dramatic shifts between host lattices and as such the sharp line emissions observed
can be assigned to transitions according to the literature [73,127,131], and this is shown above
the spectra in figure 7.9 which shows the emission temperature dependence in more detail.
Table 7.1 indicates the intra 4f6 configuration transitions which are magnetically dipole
allowed (all intra 4f6 configuration transitions are electric dipole forbidden as the parity
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Figure 7.9: Photoluminescence for LSCBC:Sm (0.01 %) at 12 K (top), 170 K (middle) and
290 K (bottom) all excited at 385 nm and normalised to the 14300 cm−1 peak value at 12 K.
The low temperature spectra expanded to the right axis scale are also shown (dotted lines).
The resolution is 1 nm. Shown above the spectra is a bar pattern indicating the transitions
observed from the 5DJ states. The label v. (anti-)Stokes refers to lines identified as vibronics.
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does not change) for a cubic site of Oh symmetry. From table 7.1, the only magnetic dipole
allowed transition from the 5D0 state within the range of our spectra is the 5D0 → 7F1. At
12 K the strongest emission corresponds to this 5D0→ 7F1 transition, which occurs at 14300
cm−1 (699 nm). However, weaker lines originating from transitions from the 5D0 to various
7FJ states can also be observed and identified. This is not unusual for an impure material;
even very slight perturbations in the crystal field relax the transition rules markedly. In
particular, the 5D0→ 7F0 transition is observed as a singlet at 14585 cm−1 (686 nm) and has a
full width half maximum (FWHM) line width of 30 cm−1 at 12 K. The observation of a single
line corresponding to this transition indicates there is likely only one site for the Sm2+ ion;
a mixture of sites would lead to more than one line. The splitting between similar sites for
the 5D0 → 7F0 can be down to a few cm−1 making it possible two emissions are contained
within the one line. We take further evidence of a single site from the two doublets which
arise from 5D0,1→ 7F2 transitions; the 7F2 state is split by the crystal field so any change in
site and symmetry is exaggerated for these levels, the fact that we see only doublets for these
lines suggests a single site occupied by the Sm2+ ions [132].
Multiple lines originating from transitions from the 5D1 to various 7FJ states can also be
observed and identified, indicating there is a significant population in the 5D1 state at 12 K.
Shown at the top of figure 7.9 is a bar pattern indicating the transitions observed; this shows
the same splitting for the 7FJ states determined by the transitions from the 5D0 and 5D1 states,
indicating they have been correctly identified. At 15750 cm−1 (635 nm) a weak single line
can be seen at low temperatures. This emission is of too higher energy to originate from the
5D0 state. It also cannot originate from 5D1 state as we have accounted for all the expected
emissions from this state, and the assigned transitions are consistent with literature. We
attribute this to a 4f6 (5D2→ 7F4 transition) based on the expected energy of this transition,
however no other lines from this level could be detected. Those lying above about 16,000
cm−1 would be masked by the strong 4f6 → 4f5d1 absorption which occurs above this energy
as seen in the absorption spectra and excitation spectra shown in figures 7.4 and 7.7(b). In
summary, all of the observed sharp line emission can be attributed to 5D0,1,2 → 7F0,1,2,3,4
transitions of a single (cubic) site.
A very weak broad band emission band can also be observed at 12 K centred at 15280 cm−1
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Figure 7.10: Anti-stokes vibronic sideband of the 5D0→ 7F0 transition shown between 30 K
and 190 K.
(655 nm), which we associate with emission from the lowest 4f55d1 levels. With increasing
temperature, the intensity of this band first increases slightly then falls to a minimum at
∼ 90 K before rising again. Above ∼ 90 K, the sharp line spectra decrease markedly in
intensity, so that at room temperature the broad band emission totally dominates the overall
spectrum with the maximum at 15130 cm−1 (660 nm), as seen in figure 7.9 (lower). The
lines marked ”v. anti-Stokes” in figure 7.9 (centre, 170 K) are assigned to one-phonon anti-
Stokes hot sidebands of the 4f6→ 4f6 zero-phonon transitions by virtue of their temperature
dependence, an example of which is shown in figure 7.10. They are not present in the 12 K
spectra, but increase in intensity markedly above 50 K. Above ∼ 200 K broadening becomes
too great to follow their behaviour. Figure 7.10 shows the 5D0 → 7F0 anti-Stokes vibronic
band; there is a corresponding Stokes vibronic band labelled ”v. Stokes” in figure 7.9 (upper)
for the 5D0→ 7F0 transition, and we associate a weak band on the low energy side of the 5D0
→ 7F1 with a Stokes vibronic for that line. The anti-Stokes equivalent cannot be distinguished
from stronger bands in the expected position. The distribution of intensity within the two
vibronic bands (for the 5D0→ 7F1 and 5D0→ 7F0 transitions) differs, but this is not unexpected
given that the latter transition is forbidden and so different coupling strengths to the different
phonons is possible. Individual component phonon frequencies are not resolved, but the
range of frequencies is ∼ 100 - 180 cm−1.
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Figure 7.11: Integrated light output from the 4f5d1 configuration, the 5D1 state, the 5D0 state
in LSCBC:Sm2+ as a function of temperature. The total light output is also shown, all values
have been normalised to the total at 12 K. The solid lines are provided as a guide to the eye.
Figure 7.11 shows the integrated intensity of the luminescence from the 5D1, 5D0 states and
4f55d1 configuration as a function of temperature. This was calculated by performing a least
squares fitting of Gaussian curves to all the observed bands, followed by an integration
over all the components associated with a particular emitting level to the various sub-levels
of the 7FJ ground multiplet. We also show the sum of all the intensities. Below 200 K
this is approximately constant but above 200 K there is a gradual decline in total intensity
with increasing temperature. The constant intensity (below ∼ 200 K) indicates that the
non-radiative de-excitation processes from the excited states (the 4f6(5DJ ) levels and all the
radiating 4f55d1 excited configuration levels) to the ground 7FJ multiplet are insignificant in
that temperature range. The origins of the temperature dependences are discussed in more
detail in later sections.
7.2.2.3 Photoluminescent lifetimes
The lifetimes of the 4f55d1 states show complex behaviour with different relaxation rates
ranging over several orders of magnitude. The temperature dependence of the Sm2+ ion
luminescence is much more complicated than for other rare earth ions due to the interaction
between the 4f6 excited states and the close lying lowest 4f55d1 levels; this also affects the
lifetime of the states. While radiative transition probabilities are temperature independent, the
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Figure 7.12: Diagram of energy levels and transitions relevant to the recorded photolumines-
cent lifetimes in LSCBC:Sm2+.
probabilities of non-radiative transitions involving phonon emission are strongly temperature
dependant. The transitions relevant to the main emissions are shown in figure 7.12. As
indicated, the 5D0 state has a radiative lifetime of the order of milliseconds, and the 4f55d1
configuration has a lifetime of the order of microseconds. If no non-radiative transitions
occur the decays would be recorded as such, however, when non-radiative transitions occur
the recorded lifetimes change. For example, the effect of the non-radiative transition 4f6(5D0)
→ 4f55d1 (shown as the lower red arrow in figure 7.12), at moderate temperatures (∼ 100 K -
250 K) will be to decrease the lifetime of the 5D0 state by providing a faster decay route, but
increase the lifetime of the 4f55d1 level as it may be extended by the link to the 4f6(5D0) and
4f6(5D1) states.
Figure 7.13(a) shows the decay of the 4f6(5D0→ 7F1) transition intensity for a 0.01 % Sm sample
at various temperatures from 12 K to 230 K. The decay can be seen to change dramatically
above 110 K. The decays have been fitted with single exponential (with a baseline) fits, but
while these are a good representation of the decay at low temperatures, as the temperature
increases and non-radiative processes become significant the decay deviates from a single
exponential. However the single exponential still provides a reasonable representation of the
data and is a good fit over at least one order of magnitude. The broad band emission decay is
shown in figure 7.13(b) at 250 K, 300 K, and 350 K. Here the data is clearly not well fitted by a
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Figure 7.13: Photoluminescent decays of LSCBC:Sm (0.01 %) for; (a) the 4f6(5D0 → 7F1)
transition between 12 and 230 K, and (b) the 4f55d1→ 4f6 transition between 250 and 350 K.
All decays were recorded at 14300 cm−1 and excited with a pulsed 375 nm spectra LED. In (a)
the bandpass was 1 nm and in (b) the bandpass was 2 nm. The first section in (b) shows the
response as the LED is turned on for 0.5 ms.
single exponential, instead double exponentials (with a baseline) have been fitted; however
this still does not completely describe the decay indicating the complex processes underlying
the temperature dependence.
Figure 7.14 shows the temperature dependence of the principal lifetime for the two pre-
dominant emissions, the 4f55d1 → 7FJ at higher temperatures and the 5D0 → 7F1 at lower
temperatures. These correspond to the dominant component (by integrated intensity) of the
decay profile. The 5D0 emission lifetime reduces from 12 ms at 12 K to around 2 ms at 150 K
where the emission becomes too weak to measure separately from the broad band. This is
because the 4f55d1 states have become thermally accessible and the corresponding electric
dipole decay route is much more probable. The 4f55d1 emission lifetime is around 100 µs at
370 K, on cooling this increases up to about 2 ms, this is far longer than one would expect for
a parity allowed 5d1→ 4f6 transition, and is likely indicative of an excitation route through
the 4f6(5D1) and 4f6(5D0) excited states. The intensity of the emission from the 4f6(5D1) was
insufficient to obtain a decay profile. Lauer and Fong [128] report a lifetime 2.15 ms and 1.45
ms for this state in orthorhombic BaCl2 and BaBr2 respectively. A literature value could not
be found for a fluorite lattice; this emission is not commonly observed. No concentration
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Figure 7.14: Lifetime of 5D0→ 7F1 transition and 4f55d1→ 7FJ transitions for LSCBC:Sm2+
recorded at 699 and 660 nm respectively as a function of temperature. All emissions were
excited by a 375 nm pulsed LED. The solid black lines are provided as a guide to the eye.
dependence for the photoluminescent lifetimes of LSCBC:Sm samples with up to 1 % Sm was
observed.
7.2.3 Simulations of optical spectroscopy
The optical absorption spectra (figure 7.4(a)) are very similar to those of cubic SrCl2:Sm2+
with the exception of the marked vibronic structure reported for that case but missing from
the transitions in LSCBC:Sm2+ [122]. We expect broader line widths for the 4f55d1 → 4f6
transitions in LSCBC:Sm2+ than SrCl2:Sm2+ because of the La3+ ion and Cl− ion defects,
and so it is not surprising that we see no vibronic structure. We do observe vibronics in the
sharp-line 4f6 → 4f6 spectra because the 4f6 energy levels are far less susceptible to crystal
field perturbations than the 4f55d1 energy levels and so vibronics close to the parent zero
phonon line may be resolved.
In the case of SrCl2 Karbowiak et al [122] used a semi-empirical Hamiltonian to simulate
the spectra with regard to line intensities and energies, and adjusting line widths to match
the observed spectra. A collaborator for this work and co-author of the Karbowiak paper,
Dr. Mike Reid, has used the same process and basic energy parameters for the 4f55d1
configuration taken from table II of that reference to fit the LSCBC:Sm2+ spectra, but with
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(a) (b)
Figure 7.15: (a) The simulated (top) and experimental (bottom) absorption spectra for
LSCBC:Sm2+ showing the high correlation. The experimental spectrum has had a rising
background subtracted. (b) Schematic of the energy levels between which the absorption
transitions occur.
adjusted values for the spin orbit ζ(dd) (= 1075 cm−1) and crystal field parameter B4 (= -16400
cm−1). These values are 1.25 and 0.8 of the values used for SrCl2 respectively. The parameter
δE(fd) was also adjusted, this determines the overall energy displacement between the 4f6
and 4f55d1 configurations, and was changed from 9506 cm−1 in SrCl2 to 11706 cm−1 so as to
achieve a good match to the observed spectrum.
The simulated spectrum is in good agreement with that observed, as shown in figure 7.15(a),
the absorption bands have again been labelled A to F and the corresponding transitions
are shown in figure 7.15(b). The only substantive discrepancy is the broad band centred at
around 41,000 cm−1 in the experimental spectrum which is not predicted by the simulation,
not present in the photoluminescent excitation spectra and is not observed in SrCl2:Sm2+, and
which we therefore attribute to some other electronic centre present in LSCBC. The energy
of the lowest 4f55d1 level is predicted to be ∼ 15700−1 from this calculation. We note that a
more complete description of the 4f55d1 states would permit different bond lengths for the
4f55d1(E) and 4f55d1(T2) states [133], but this has not been necessary here.
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Previous work on Sm2+ luminescence in alkali earth halides [127–129] has explained the
strong temperature dependences of the photoluminescence intensities and lifetimes on the
basis of thermally induced crossovers between the two configurations (4f6 and 4f55d1). The
4f55d1 configuration has usually been represented as a single level, assumed to be the lowest,
but with LSCBC:Sm we find this does not adequately describe the population dynamics
observed through the temperature dependence of the photoluminescence spectra and photo-
luminescent lifetimes. Instead we must include several levels of the 4f55d1 configuration to
achieve satisfactory results. This has been done previously for the Eu2+ ion (e.g. see Duan et
al. [134]) but not the Sm2+ ion, probably because of the complexity and the lack of knowledge
of the 4f55d1 crystal field energy-level structure. For LSCBC:Sm the level structure has been
calculated by Dr. Reid and basic levels are shown schematically in figure 7.17.
The positions of the 5D0,1 energy-levels can be found from the low temperature photolumines-
cent spectra. However the broad band emission observed contains contributions from many
close lying 4f55d1 states. The emission extends over > 2000 cm−1 but the energy levels are
separated by as little as 130 cm−1 and therefore we cannot measure the 4f55d1 level energies
directly. Our crystal field calculation described above gives an estimate for the splittings
between the lowest 4f55d1 levels. The precise value of relative shift between the 4f6 and 4f55d1
configurations is critical for thermal crossover calculations but as 4f55d1 zero phonon lines are
not observed, this shift cannot be accurately determined from optical absorption spectra. We
have obtained an estimate for the lowest 4f55d1 level by monitoring the high energy cut-off
of the 4f55d1 emission band as a function of temperature, and extrapolating this to T = 0 so
that contributions to the absorption edge from thermally excited states in the 7FJ ground
multiplet are eliminated; this provides an estimate of the zero-phonon line position. Shown
in figure 7.16 is the plot of cut-off wavenumber vs. temperature, the linear fit indicates a
zero-phonon position of 15500 cm−1. This estimate is consistent with the estimate of ∼ 15,700
cm−1 used for the calculation by Dr. Reid. The estimates are similar and both result in a
picture with several 4f55d1 levels sandwiched between the 5D0 and 5D1 levels. Here we have
used the estimate of 15,500 cm−1 as a trial value in modelling the thermal behaviour of the
intensities, and then refined it to obtain an improved match at 15520 cm−1.
To describe the dynamics we assume that the populations of the relevant levels (ni, i =
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Figure 7.16: The high energy cut-off of the 4f55d1 emission band variation with temperature,
this should give the lowest 4f55d1 configuration energy level at T = 0 K. The data has been
fitted with a linear trend-line and extrapolated to T = 0 K.
Figure 7.17: Diagram of the five lowest excited states labelled with their populations (ni).
Radiation transitions observed are indicated with blue arrows. Non-radiative transitions
expected to occur are indicated with red arrow. The transitions rates between levels i and j
are represented by ωi,j as indicated on some arrows.
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1, 2, 3, 4, 5), which are schematically depicted in figure 7.17, can be described by a set of rate
equations as follows,
dni
dt
= −ni
5∑
j=1
ωij +
5∑
j=1,j 6=i
njωji + pi (7.5)
where ωij are the transition rates between levels i and j and pi is the excitation rate into level i.
The first term describes the decay routes from level i to other levels (j), the second term the
transitions into level i from other levels (j), and the third the excitation into level i via other
processes. In matrix form
dN
dt
= WN+P (7.6)
where
wn,l =

ωl,n, if n 6= l
−∑k ωn,k, if n = l (7.7)
where ωn,n is the radiative transition probability for level n. Then ifW is diagonalizable there
is a transformationA which diagonalisesW such thatW = A−1DA (orD = AWA−1) with
D being diagonal. Therefore we can write equation 7.6 as
dN
dt
= A−1DAN+P (7.8)
A
dN
dt
= AA−1DAN+AP (7.9)
A
dN
dt
= DAN+AP (7.10)
and asW is time independent so isA, therefore we have
dAN
dt
= DAN+AP (7.11)
or by lettingAN = M andAP = U
dM
dt
= DM+U (7.12)
Here we have rewritten the populations in their ’normal modes’ (mis) which represent linear
combinations of populations (Nis) such that the decay of the Mi is a single exponential.
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Under continuous wave excitation (such as in the fluorolog) the system is in equilibrium
therefore
dN
dt
= 0 (7.13)
which means
A
dN
dt
=
dAN
dt
=
dM
dt
= DM+U = 0 (7.14)
So under continuous wave excitation the populations of the normal modes are the solutions
of
DM = −U (7.15)
or
M = −D−1U (7.16)
which asD is diagonal has the solutions
ml =
ul
dl,l
(7.17)
FurthermoreAN = M orN = A−1M therefore
N = A−1M = −A−1D−1U (7.18)
which has the solutions
nl =
∑
n
a−1l,n
un
dn,n
(7.19)
Therefore we can solve for the populations of each level as a function of temperature. By
multiplying the population of level i by the radiative transition rate of level i we find the
relative integrated intensity of emission from that level.
In order to find the lifetimes of the radiative levels we consider the decay of population after
an excitation pulse. Returning to equation 7.12, this time the system is not in equilibrium,
and so dM
dt
6= 0, however, we consider the kinetics after an excitation pulse so thatU = 0. In
this situation the solutions to equation 7.12 becomes
dM
dt
= DM (7.20)
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which has the solutions
ml = ml,0 exp(dl,lt) (7.21)
Where mn,0 represents initial population of mode n at t = 0. Therefore the population of level
l as a function of time is given by
nl =
∑
n
a−1l,nmn,0 exp(dn,nt) (7.22)
By fitting the simulated population as a function of time with an exponential decay we obtain
the dominant decay component of the levels as a function of temperature.
We use energy level values based from the calculated electric-dipole oscillator strengths for
the 4f55d1 levels. For the non-radiative rates, we use the analytic expression first developed
by Rebane [135], and discussed by Henderson and Imbusch [63] and Struck and Fonger [136].
In this treatment, the non radiative rate wi,j between levels i and j is given by
wNR(i,j) = R
2e(−S(2m+1))
(
1 +m
m
p
2
)
Ip(2S
√
m(m+ 1)) (7.23)
whereR is an electronic matrix element, S is the Huang-Rhys factor (a dimensionless constant
which characterizes the difference in electron-lattice coupling between two states), p is the
number of phonons of frequency ω required to bridge the gap between levels i and j, m is
the mean thermal occupancy [63]
m = exp
(−~ω
kT
)
(7.24)
in the phonon mode, and Ip is the modified Bessel function of the second kind. A series
expansion of the Bessel function leads to the useful form [63],
Wnr(h,f) = R
2e(−S(2m+1))
Sp
p!
(1 +m)p
(
1 +
S2m(m+ 1)
p+ 1
)
(7.25)
We make some assumptions to simplify the model
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Figure 7.18: The calculated energy levels of LSCBC:Sm, described as orbital (configuration)
wavenumber (radiative lifetime). The expected non-radiative transitions are shown with
blue arrows and labelled as (phonon frequency (ω), Huang-Rhys factor (S), electronic matrix
element (R)).
1. Only the 5D0,1 levels of the 4f6 configuration and the three lowest levels of the 4f55d1
configuration are included in the numerical calculation as this seems to be the minimal
set required to explain our results.
2. The direct non-radiative transition 5D1 → 5D0 is neglected, this is reasonable as the
energy gap (1370 cm−1) requires a large number of phonons (p), and this is reflected in
equation 7.25 by the p! term in the denominator.
3. We use just two phonon frequencies: 120 cm−1 for transitions within the 4f55d1 configu-
ration and 4f55d1↔ 4f6(5D0) transitions. This is a single-frequency estimate consistent
with the values reported for SrCl2:Sm2+ by Karbowiak et al. [122] of 81, 116, 213 cm−1
for 4f55d1↔ 4f6(5D0) transitions and the observation of vibronics in the 100 - 180 cm−1
range on the 4f6↔ 4f6 photoluminescent spectra. For 4f55d1↔ 4f6(5D1) we use 40 cm−1
based on measurements on orthorhombic BaCl2:Sm; Lauer and Fong [128] report a
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vibronic sideband of the 5D1→ 7F0 transition starting at 38 cm−1.
4. We take radiative lifetimes for the 5D0 and 5D1 states of 13 ms and 2.15 ms respectively.
These are based on our measurements of the 5D0 emission at low temperature and on
the reported rate for the 4f6(5D1) level of orthorhombic BaCl2 [128].
5. We assume that the 5D0 and the 5D1 state respectively are populated by non-radiative
decay from higher states in the proportion 1:1 respectively, chosen by trial and error to
best reproduce the observed intensity ratios at the lowest temperature of measurement.
6. We take calculated radiative lifetimes for the 4f55d1 states from the crystal field calcula-
tion.
Figure 7.18 summarises the parameters and energy-level positions used in the numerical
calculation and figure 7.19(a) shows the predicted temperature dependence of the integrated
intensity of emission from each level based on those parameters. A comparison between the
simulated and experimental intensities, which are repeated in figure 7.19(c), shows excellent
agreement between the trends observed and calculated numerically. The experimental
observation of a reduced total intensity at temperatures close to 300 K is not reproduced
in the numerical calculation since non-radiative decay from any of the excited states to the
ground states is not included in the model, but would only require a minor amendment (e.g.
see Duan et al [134]).
We then extend our simulation to include the lifetime of each state by fitting the simulated
population as a function of time with an exponential decay. The results of this are shown
figure 7.19(b). Comparing these results to the observed lifetimes shown again in figure 7.19(d)
shows an excellent match to the general trend above ∼ 100 K. The decrease in lifetime at the
lowest temperature for the lowest 5d1 level is reproduced but with less satisfactory agreement.
Below ∼ 20 K the simulation appears to suffer from numerical inaccuracies.
7.2.4 Discussion of optical spectroscopy
Previous work by Edgar et al. [118] has shown (on the basis of density measurements) that
the most likely way in which LaCl3 is incorporated into the cubic BaCl2 lattice is with the La3+
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Figure 7.19: (a) Simulated emission intensity from each state as a function of temperature
and (b) simulated lifetime of the 5D0 and lowest 5d1 levels as a function of temperature for
LSCBC:Sm2+. (c) Experimental integrated intensity of emission from 5D0, 5D1 and 4f55d1
configuration as a function of temperature (repeated from figure 7.11). (d) Lifetime of 5D0→
7F1 transition and 4f55d1→ 7FJ transitions for LSCBC:Sm2+ (repeated from figure 7.14).
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ions substituting for Ba2+ ions at cation sites, and with an extra Cl− ion per La3+ ion providing
charge compensation and located at an interstitial vacancy [117]. Recall that in the fluorite
lattice, cations occupy half the anion cubes and half are empty. Therefore,
(
1
8
)
th of the empty
interstitial sites are occupied with a Cl− ion for 12.5 % La3+ ion doping levels. The Sm2+ ions
substitute for Ba2+ ions at cation sites due to the charge and radius match. Each Sm2+ ion
occupying a Ba2+ ion site is surrounded by 6 empty interstitial sites in a perfect lattice. The
probability of none of these containing a Cl− ion is
(
7
8
)6 or ∼ 45 %. Therefore we expect more
than half the Sm2+ ions to have non-cubic symmetry considering the nearest interstitial shell.
Further, each Ba2+ ion site in the fluorite lattice has 12 nearest neighbour cation sites, with
12.5 % of the cations being La3+ ions there is there is only a
(
7
8
)12
or ∼ 20% chance of a cubic
environment as far as the first nearest neighbour cation shell is concerned. Despite this lack
of probability of a cubic site we observe absorption spectra which are well-described by a
single site of cubic symmetry, and the photoluminescence showed only one 4f6(5D0→ 7F0)
singlet photoluminescence line, indicative of a cubic site. Thus we are led to deduce that
either the perturbation of the cubic crystal field by nearby Cl− interstitial ions and La3+ ions
is so weak that it leads only to broadening and not splitting of the PL spectra, or that the
defect ions are not randomly distributed.
A possible mechanism for the latter is clustering of La3+-Cl− pairs. Such pairs are commonly
found in trivalent rare-earth doped alkaline earth halides and indeed as larger clusters [137].
There is no evidence for large scale phase modifications such as superlattice lines in the XRD
pattern. These would appear as a second pattern at small angles due to the large superlattice
constant. As an alternative to block formation, interstitial Cl− ions may be repelled from
the Sm2+ ions as a result of the ionic radius mismatch. While only a singlet 4f6(5D0 → 7F0)
transition was observed this was stronger relative to the 4f6(5D0→ 7F1) transition than one
would expect for a cubic site lacking inversion symmetry (for a simple site of Oh symmetry
the 4f6(5D0 → 7F0) transition is electric-dipole and magnetic dipole forbidden). Thus we
favour the interpretation in which the perturbation on the cubic crystal field provided by
nearby lattice defects is small. There is some evidence for this as part of a general pattern in
the alkaline earth halides as both the ionic radius of the cation and anion increase from the
Ca2+ ion to the Ba2+ ion and from the F− ion to the I− ion [138]. Also, the reduction process
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Figure 7.20: A schematic diagram of the energy levels of the Sm2+ ion in LSCBC and the ra-
diative and non-radiative transitions occurring between them as the temperature is increased.
The dominant processes are indicated with the larger arrows. Radiative transitions shown in
blue and non-radiative transitions are shown in red.
may have simply reduced the number of Cl− ions.
The numerically calculated intensities and lifetimes (figure 7.19) help explain the processes
which occur as the sample temperature is raised. The dominant processes are depicted
schematically in figure 7.20 in the three main temperature regimes. At the lowest temperatures
(∼ 12 - 50 K), the 4f6(5D1) level shows radiative emission, but this rapidly decreases with
temperature as it is depopulated by non-radiative transitions to the 4f55d1(A), (T), and (E)
levels. They in turn are subject to internal relaxation and to decay to the 4f6(5D0) level. The
5D0 level emission is largely temperature independent in this regime as thermal excitation
to the 4f55d1 levels is improbable, which is shown schematically on the left of figure 7.20.
The 4f55d1 emission first shows a small rise with increasing temperature to 80 K as these
levels are populated from the 4f6(5D1) level. The intensity then decreases as the temperature
is raised to ∼ 140 K as this population is lost to the 4f6(5D0) level. The 4f6(5D0) emission
shows a corresponding increase up to 140 K, which is shown schematically in the centre
of figure 7.20. However, at around 140 K, the 4f55d1 levels start to become populated by
thermal excitation from the 4f6(5D0) level, leading to a dramatic decline in the emission from
the 4f6(5D0) level and a corresponding increase in emission from the 4f55d1 levels. The de-
excitation route through the 4f55d1 levels with their short radiative lifetime provides a faster
decay route for the 4f6(5D1) population than through the slow direct radiative decay, which
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is shown schematically on the right of figure 7.20. This is the underlying reason behind
the dominance of the broad band emission at high temperature and that of narrow bands
at low temperatures. The crossover between the two regimes at around 175 K is nicely
reproduced in the numerical calculations, and is sensitive to the energy difference between
the electronic levels. The good agreement achieved for the crossover encourages confidence
in the process used to estimate the energy origin of the broad 4f55d1 band. The measured and
numerically simulated lifetimes also provide evidence of these phenomena. The 4f55d1 levels
lifetimes are limited by the feeding route. At the lowest temperatures this is from the 4f6(5D1)
level (which has a shorter lifetime than that of the 4f6(5D0) level), then as the temperature
increases, more population comes from the 4f6(5D0) level and so the lifetime increases. As
thermal population of the 4f55d1 levels becomes more probable due to temperature increase,
the lifetime abruptly decreases, and we expect the decrease would continue with temperature
increase until the calculated intrinsic radiative rate of the 4f55d1 levels is reached (∼ 8
µs).
7.2.5 X-ray response
7.2.5.1 Radioluminescence
The radioluminescence generally follows the photoluminescence for the higher Sm2+ con-
centrations, but for concentrations below ∼ 0.05 % a new and strong emission band appears
in the blue region of the spectrum, as shown in figure 7.21. This new band is not observed
in photoluminescence and is present in samples with no samarium doping. This emission
overlaps with the Sm2+ ion absorption bands seen in figure 7.4 and is likely to be absorbed
by the Sm2+ ions before it can exit the lattice, this is likely why the emission is not observed
in higher concentration samples. A further effect evident in figure 7.21 is the shift in the peak
of the broad band Sm2+ ion fluorescence to lower energies in the more concentrated samples
and a decrease in intensity, which is indicative of re-absorption and concentration quenching.
The relative x-ray phosphor efficiency has been determined by comparing the spectra of
LSCBC:Sm2+ with that of a standard Gd2O2S:Tb3+ phosphor from the Kansei company. The
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Table 7.2: Integrated intensity of radioluminescence emission relative to that from
Gd2O3S:Tb3+.
Sm concentration (%) Blue band (%) Red band (%) Total (%)
0 8.5 - 8.5
0.002 6.5 4.4 11
0.01 3.5 5.5 9.0
0.1 0.1 1.3 1.4
1 0.1 0.5 0.6
relative efficiencies for the broad red band and broad blue band are tabulated in table 7.2 as
percentages of that of Gd2O2S:Tb3+. The spectral sensitivity of the spectrometer has been
corrected for in these estimates. It should be noted that the Gd2O2S:Tb3+ is a 140 µm layer of
power in an organic binder resin while our samples are 1 mm thick polycrystals; the x-ray
half thicknesses at the peak of x-ray spectrum are 0.48 mm and 0.18 mm respectively so both
materials are 1 - 2 half thicknesses.
7.2.5.2 Scintillation
Since the material is a relatively good x-ray phosphor, it is also of interest to investigate the
scintillation performance. However, although scintillation events can be observed these are
followed by a very long phosphorescent persistence, as shown in figure 7.22 which shows a
Figure 7.21: Radioluminesence of LSCBC and LSCBC:Sm for 0.01 %, 0.1 % and 1 % samarium
concentrations, recorded under x-irradiation of 35 kV from a copper tube with a 2 mm
aluminium filter.
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Figure 7.22: Single scintillation event of undoped LSCBC recorded direct from photomulitplier
tube (a). Average of 1000 scintillation events of both undoped LSCBC (blue) and NaI(Tl)
(black), these have been integrated by a spectroscopy amplifier (CI 1410) with a time constant
of 7 µs.
single scintillation event of the undoped material extending well over 100 µs. Figure 7.22(b)
compares the average of 1000 scintillation events with that of NaI(Tl); the integrated area of
the LSCBC curve is about half that of the NaI(Tl), indicating that the light output is relatively
high but is extended over a long decay time. The samarium doped samples showed similar
pulses although no scintillation was observed when a long pass filter was used to filter out
the blue emission.
We attempted doping with other alkali halides with monovalent cations to provide charge
compensation for the La3+ ions in an attempt to remove the Cl− ion interstitials as these may
slow the scintillation process significantly through colour centre generation. For example,
H centres comprising a Cl− ion interstitial may combine with a lattice Cl− ion to form a Cl−2
molecular ion representing a trapped charge. The release of this trapped hole and subsequent
recombination emission via a Sm2+ ion would involve a delay depending on the trap energies.
Figure 7.23 shows the powder XRD patterns formed from samples which had 6.25 % La3+
and 6.25 % MCl (M = Li, K, Na, Cs). None of these materials showed a strong presence of
the cubic phase (shown at bottom of figure 7.23), and most peaks could be attributed to the
orthorhombic phase (shown at top of figure 7.23). Since these materials are not transparent,
they have not been investigated further.
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Figure 7.23: Powder x-ray diffraction patterns for La0.6125M0.6125Ba0.875Cl2:Sm, (M = Li, K,
Na, Cs). The resulting patterns indicate non-cubic materials. The powder pattern file for
orthorhombic BaCl2 is shown at the top and for cubic BaCl2 at the bottom.
Table 7.3: Afterglow of undoped and samarium doped LSCBC.
Sample 10 ms 20 ms 50 ms
LSCBC:Sm (0 %) 12.3 6.10 2.30
LSCBC:Sm (0.01 %) 9.8 4.3 1.4
LSCBC:Sm (0.5 %) 1.3 0.5 0.4
NaI(Tl) 1.00 0.60 0.20
7.2.5.3 Afterglow
The afterglow was recorded for the undoped and samarium doped material as shown in
figure 7.24. Samarium doping significantly reduces the afterglow. Inspection of figure
7.24 indicates there are two processes which are reducing the afterglow of LSCBC with
samarium doping, first small amounts of samarium reduce the number of trapped electrons
but not the rate of release of traps. This is indicated by the approximately common gradients
but lower starting point of the 0.01 % Sm sample afterglow curve compared to that of the
7.2. Lanthanum stabilised cubic barium chloride 127
Figure 7.24: LSCBC:Sm and undoped LSCBC afterglow profiles. The profiles were each
recorded on two channels on the oscilloscope with different gains to allow a higher signal to
noise ratio as the intensity dropped below 10 %.
undoped material. Second, the rate of trap-related recombination appears to increase with
samarium concentration. The 0.5 % curve appears to not only start at a lower point but also
to decay faster, that is there are fewer traps and they have a shorter lifetime. Fewer traps
are formed because there is a finite probability the free charge carriers may interact directly
with a samarium ion luminescent centre before being trapped. The traps decay faster as the
concentration of samarium ions increases because the likelihood of a nearby samarium ion to
which the electron may ’hop’ to is significantly increased.
7.2.5.4 Thermally stimulated luminescence
Thermally stimulated luminescence (TSL) is a popular technique for determining the electron
trapping characteristics of insulators and semiconductors. In this case we are investigating
the traps which are above room temperature; these are generally the cause of afterglow in
materials. Figure 7.25 shows the glow curves recorded for LSCBC and LSCBC:Sm. The glow
curves indicate up to three traps are present in the both materials above 330 K. These have
been fitted with first order kinetic equations to extract the peak temperature and activation
energy according to the method of Kitis [90]. The fitted parameters for LSCBC and LSCBC:Sm
are shown in table 7.4. Undoped LSCBC has peaks at 370 K and 440 K with corresponding
activation energies of 0.48 and 0.62 eV. LSCBC:Sm has peaks at 385 K, 410 K and 470 K
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(a) (b)
Figure 7.25: Thermally stimulated luminescence glow curves for (a) LSCBC and (b) LSCBC:Sm
(0.2 %). Both were irradiated using a copper tube for 15 minutes at 30 kV 25 mA. The red
lines are the fitted curves, parameters of which are given in table 7.4.
Table 7.4: Kitis parameter fits to glow curves for undoped LSCBC and LSCBC:Sm. E refers to
the trap depth and T the peak temperature of the glow curve corresponding to that trap.
Peak number Undoped Sm doped
E(eV) Tm (K) E (eV) Tm (K)
1 0.5 ±0.2 370 ± 15 0.35 ± 0.15 380 ± 20
2 0.6 ± 0.2 440 ± 15 0.75 ± 0.15 410 ± 20
3 - - 0.8 ± 15 470 ± 20
with corresponding activation energies of 0.34 eV, 0.75 eV and 0.82 eV. To confirm that the
thermally stimulated luminescence emission matched the radioluminescence we monitored
the emission with a CCD detector as the temperature was raised. Both emissions matched
the radioluminescence at all temperatures. Figure 7.26 shows the emission at the peak of the
glow curve for both undoped and samarium doped LSCBC.
7.2.6 Discussion of x-ray response
From the photoluminescence excitation spectra and absorption spectra we see strong ab-
sorption of Sm2+ in the blue region. This overlaps with the intrinsic emission of LSCBC.
Thus, it is likely that the blue emission probably indirectly excites the Sm2+ emission during
x-irradiation. The blue emission only appears for x-irradiation or VUV excitation. It therefore
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(a) (b)
Figure 7.26: The emission at the peak of glow curves for (a) undoped LSCBC at 355 K and (b)
LSCBC:Sm at 400 K (b).
likely corresponds to an ionization process. It is well known that in alkali and alkaline earth
halides, x-irradiation can produce centres such as F, Vk and H centres. A similar emission is
seen for SrCl2 [76]. In LSCBC there is an excess of Cl− interstitials so F centres (requiring an
anion vacancy) would seem improbable. However, it is very plausible that H centres (Cl−2
molecular ions formed from an interstitial and a regular lattice chlorine ion) will be generated
from ionisation of the interstitial Cl− ion. The detached electron could subsequently be
bound to the H centre, constituting a self trapped exciton as found in the alkaline earth fluo-
rides [138], or may be trapped more remotely. The possible traps are depicted schematically
in figure 7.27. Here we identify the blue emission band with the recombination radiation
arising from the bound excitonic state, comprising an electron bound to an H centre.
The recombination process can be either prompt, or delayed, since the detached electrons
can be trapped elsewhere in the crystal (for example by a impurity rare earth ion), with
subsequent STE recombination following thermal or optical activation to free it from the trap.
This would correspond to the phosphorescence which we observe by eye after x-irradiation,
and is evident on a longer time scale in the scintillation (figure 7.22(b)). Depending on
the proximity of the H centre and the trapped electron, this may be viewed as a range of
excitations ranging from excitonic for an isolated H centre where an x-ray generated electron
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Figure 7.27: Depiction of (a) a possible self trapped exciton, (b) and (c) spatially separated VK
and F centres respectively. The Cl− anions are shown in green, the Ba2+ cations in blue, and
the La3+ in orange.
promptly recombines, to slow recombination for a donor-acceptor pair. This provides the
mechanism for the blue luminescence.
This emission may then exit the material to be detected, or it may excite the Sm2+ ions,
and so the blue luminescence intensity decreases with samarium concentration. The above
discussion is consistent with the TSL and afterglow observations. Several traps are observed,
the shallowest of which is likely responsible for the room temperature phosphorescence.
7.3 Praseodymium stabilised cubic barium chloride
The next smallest lanthanide ion after La3+ and Ce3+ is Pr3+ with 2 electrons in the 4f
shell. Following this series along the lanthanide series we investigate if the same structural
stabilisation effect as seen with CSCBC and LSCBC can be achieved with Pr3+. Pr3+ usually
shows sharp line 4f2→ 4f2 line luminescence from both the 1S0 level and the 3P0 levels. But
in some host lattices it can instead (or as well) show very fast 4f15d1 → 4f2 luminescence.
Thus not only is Pr3+ of interest as a stabiliser of the cubic phase but also as a luminescent
centre.
7.3.1 Physical properties
As for LSCBC:Sm anhydrous materials (BaCl2, LaCl3 and PrCl3) were heated in an argon
atmosphere with the same heating profile used for LSCBC:Sm. The compositions investigated
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Figure 7.28: The powder XRD pattern for cubic BaCl2 (top) and experimental powder
XRD patterns of praseodymium stabilised cubic BaCl2 for (a) Ba0.875La0.124Pr0.001Cl2.25, (b)
Ba0.875La0.115Pr0.01Cl2.25 and (c) Ba0.875Pr0.125Cl2.25.
were Ba1−x−yLaxPryCl2+x+y (where x + y = 0.125 and 0 ≤ x ≤ 0.1249, 0 ≤ y ≤ 0.125). Powder
x-ray diffraction patterns confirm the crystals have adopted the cubic phase for all Pr3+
concentrations. In the case of 12.5 % Pr3+, as there are no La3+ ions the Pr3+ ions must be
acting as stabilisers of the cubic phase, we call this praseodymium stabilised cubic barium
chloride (PSCBC). Figure 7.28 shows some representative XRD patterns obtained along with
the expected pattern for cubic BaCl2 (top). No evidence of any non-cubic phase is evident in
any of the patterns. The variation in the lattice parameter is very small as the praseodymium
and lanthanum concentrations are adjusted, from 0.7285 A˚ for LSCBC to 0.7283 A˚ for PSCBC,
(while keeping the total dopant concentration level at 12.5 %) this is to be expected as the
crystal ionic radii of the Pr3+ ion (0.99 A˚) is similar to that of the La3+ ion (1.032 A˚) with both
being much smaller than the Ba2+ ion (1.35 A˚); hence the lattice contraction from the 7.3110 A˚
of pure cubic BaCl2 [120,121]. The samples are transparent and show a slight green colouring
dependent on concentration; this is due to a combination of the absorption of most blue light
into the excited 3PJ states and the human eye’s strong response to green. Figure 7.29 shows
an example of a colourless sample.
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Figure 7.29: Photograph of a sample of LSCBC with 0.1 % Pr3+ and 12.4 % La3+.
7.3.2 Photoluminescence
Photoluminescence can be observed for all samples but concentration quenching sets in at
relatively low praseodymium concentrations (? 0.2 % Pr3+).
The photoluminescent spectra for a sample with 0.1 % Pr3+ is shown in figure 7.30. These
spectra show the typical 4f2 → 4f2 Pr3+ transitions commonly observed, and have been
labelled in figure 7.30 according to literature [77, 139, 140]. Figure 7.31 shows an every level
diagram for the Pr3+ ion with the transitions observed indicated. The splittings of the lines
are expected for Pr3+ as the ground state is not a singlet, and multiple sites are expected
as the trivalent Pr3+ ions require charge compensation. The variation with temperature is
merely an increase in amplitude and a sharpening of lines as the temperature is reduced from
300 K to 12 K; this can be seen in figure 7.32 which shows the change in both the excitation
and emission spectra on cooling from 300 K to 12 K. We looked for 4f15d1→ 4f2 emission as
reported for the similar host lattices SrCl2, BaCl2 (orthorhombic) and CaF2 [76, 77] but could
not find any evidence of such an emission. Such emission tends to require direct 4f15d1 band
excitation around 230 nm (223 nm for CaF2, 230 nm for orthorhombic BaCl2 and 236 nm for
SrCl2 [76]) and the lack of observation of a corresponding emission may be due to a lack of
intensity from the xenon lamp used for excitation in the fluorolog at this wavelength.
The photo-excited lifetimes of the various emissions have been investigated and show little
temperature variations and are similar to values reported in the literature for CdF2 [141].
Figure 7.33 shows the lifetime data recorded for various samples. While the temperature
dependence is minimal, in contrast to LSCBC:Sm a strong concentration dependence can be
observed, the lifetime of LSCBC:Pr (0.1 %) is approximately three times longer than that of
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Figure 7.30: The excitation (a) and emission (b) photoluminescence spectra at 12 K for a
sample with 0.1 % Pr3+. The 4f2 → 4f2 transitions have been labelled. Both spectra have
resolution of 1 nm. The transitions corresponding to the emissions are labelled in the bar
diagram above.
Figure 7.31: Energy levels and transitions observed for Pr3+ in Ba0.875La0.124Pr0.001Cl2.25. The
crystal field splittings of the energy levels are not shown; these depend on Pr3+ site.
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Figure 7.32: Emission and excitation spectra at 12 K and 300 K for a Ba0.875La0.124Pr0.001Cl2.25
sample.
the LSCBC:Pr (5 %). For the more concentrated samples the lifetime decreases further, this is
likely due to clustering of the Pr3+ ions providing non-radiative energy loss routes, and this
also accounts for a decrease in emission intensity with concentration.
Figure 7.33: Photoluminescent lifetimes of the 3H4, 3F4 and 3H6 excited states of the Pr3+ ions
in LSCBC. The lines are guide to the eye
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Figure 7.34: Radioluminescence of LSCBC:Pr for various Pr3+ concentrations.
7.3.3 X-ray response
The radioluminescence follows the photoluminescence with the addition of a strong broad
band host luminescence as shown in figure 7.34, this host emission is very similar to that
seen for LSCBC:Sm2+. The dip in intensity at 448 nm is due to absorption energy transfer to
the 3P2 level of the Pr3+ ion. Radioluminescence was too weak to be observed for samples
with >5 % Pr3+. The host emission decreases with increasing Pr3+ concentration as seen in
LSCBC:Sm2+. As for UV excitation, no 4f15d1→ 4f2 emission is observed, this is in line with
previous studies [76] that indicate that the 4f15d1 excitation bands are too high to overlap
with the excitonic emission and so energy is transferred preferentially to the 4f2 excited states
and the only rare earth emissions observed are the sharp line 4f2→ 4f2 transitions.
Afterglow measurements show the Pr3+ doped samples have far less afterglow than the
undoped material. Pr3+ can be used to reduce afterglow and speed up processes as it
provides non radiative decay routes [142]. This effect is clearly seen when comparing the
percentage light output remaining 10, 20 and 50 ms after a x-ray pulse for various samples:
as shown in figure 7.35 and tabulated in table 7.5
The photoluminescent lifetimes of the material are too long for the material to act as a
scintillator. As an x-ray phosphor the brightness was measured by comparing the integrated
intensity of the radioluminescence relative to a piece of the commercial material Gd2O2S:Tb3+.
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Table 7.5: Afterglow of LSCBC:Pr3+. The values given are the relative intensity (%) of the
maximum intensity of the signal remaining 10, 20 and 50 milliseconds after the excitation
ceases.
Sample 10 ms 20 ms 50 ms
0 % Pr3+ 12.3 6.10 2.30
0.05 % Pr3+ 5.40 2.10 0.90
0.2 % Pr3+ 3.50 1.90 0.90
NaI(Tl) 1.00 0.60 0.20
Figure 7.35: Afterglow profiles of LSCBC:Pr3+ for 0 %, 0.05 % and 2 % praseodymium shown
with that of NaI(Tl).
The highest relative output obtained was 2 % for a 0.05 % Pr3+ sample.
PSCBC:Sm2+ (0.1 %) showed no luminescence from either the Sm2+ ions or Pr3+ ions under
UV or x-ray excitation.
7.4 Summary
Polycrystalline samples of barium chloride containing 12.5 % by cation fraction of LaCl3
adopt the simple cubic fluorite structure with no evidence for other crystalline phases. LSCBC
doped with SmCl3 shows optical absorption and luminescence spectra characteristic of Sm2+
ions only. The samarium ions occupy sites of predominantly cubic symmetry with a small
non-cubic perturbation generated by Cl− ion interstitials and nearby La3+ ions. The optical
absorption spectra arise from transitions from the ground state of the 4f6 configuration to
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the multiple levels of crystal field split 4f55d1 excited configuration; the observed spectra are
in good agreement with a calculation based on crystal field theory. The photoluminescence
spectra arise from both sharp line transitions within the 4f6 configuration, and a broad band
transition from the lowest state of the excited 4f55d1 configuration to the sub-states of the
ground 7FJ term of the 4f6 configuration. The strong temperature dependence of the lines
and band system can be accounted for by a model based on thermally activated crossovers
between the excited states of the 4f6 and 4f55d1 configurations.
Under x-irradiation, luminescence corresponding to both the Sm2+ ions and the host lattice is
seen. The host lattice emission is attributed to self trapped exciton emission. The Sm2+ ion
emission observed under x-irradiation is well matched to the spectral sensitivity of silicon
photodiodes. The material is a bright x-ray phosphor (up to 11 % the integrated intensity of
Gd2O2S:Tb3+) but shows poor scintillation characteristics. The scintillation observed has a
very long lifetime making the material unsuitable as a scintillator for fast timing applications.
However, while the lifetime is too long for scintillation, it it significantly faster than the
millisecond time-scales used by commercial phosphor materials such as GdO2S3:Tb3+. The
scintillation lifetime is much longer than the UV excited lifetime as the Sm2+ ions are likely
excited by the thermal release of shallow trapped electron-hole pairs. The afterglow of the
samarium doped materials is very low which is important for integrated imaging systems
such as CT scanners. The materials shows a response to neutron irradiation, but the light
output is ≤ 1 % that of the commercial material LiI(Eu); however the afterglow is low, and
again this is an important property for integrated imaging systems.
Polycrystalline samples of barium chloride containing 12.5 % by cation fraction of PrCl3 adopt
the simple cubic fluorite structure with no evidence for other crystalline phases. Polycrys-
talline samples of barium chloride containing 12.5 % by cation fraction of a combination of
LaCl3 and PrCl3 show luminescence characteristic of Pr3+ ions. The material acts as an x-ray
phosphor but does not show scintillation due to the long lifetimes of the 4f2 excited states of
the Pr3+ ion from which the luminescence is observed. No luminescence is observed from the
4f15d1 excited states. The neutron sensitivity of these materials was also investigated, and
this reported in appendix A.

Chapter 8
Rare earth doped barium chloride -
strontium chloride solid solutions
8.1 Introduction
In chapter 7 it was found that LSCBC:Sm2+ is a bright x-ray phosphor, but, the material is a
poor scintillator. This was attributed to the effects of having a large number of Cl− interstitial
ions present providing traps. The traps slow the scintillation process and hence decrease
the peak light output and spread the scintillation event over a longer time-scale. Another
option for a heavy ion cubic halide lattice but without the Cl− interstitial ions introduced
by the LnCl3 (Ln = La, Ce or Pr) doping is to form a BaCl2-SrCl2 solid solution. One would
expect similar photoluminescent and radioluminescence properties for BaCl2-SrCl2:Sm2+ as
for LSCBC:Sm2+, but, potentially fewer trapping mechanisms, and so BaCl2-SrCl2:Sm2+ may
show observable scintillation.
SrCl2 forms in the cubic fluorite phase structure at all temperatures but does not have a high
stopping power for x-rays; however, previous studies [143] have shown the SrCl2 fluorite
lattice can accommodate up to 32 % cation substitution of the Ba2+ ion for the Sr2+ ion while
retaining the cubic structure. More recently Gahane et al. [144] investigated the effect of
substituting up to 22 % of Ba2+ ions for Sr2+ ions in SrCl2 and found the emission intensity of
Eu2+ ions to be significantly increased from that of Eu2+ ions in pure BaCl2 or SrCl2. As the
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Ba2+ ion has a larger atomic number (ZBa2+ = 56) than the Sr2+ ion (ZSr2+ = 38), substituting
Ba2+ ions for Sr2+ ions in the SrCl2 lattice increases the stopping power for x-rays. The higher
the fraction of Ba2+ ions the greater the stopping power. Thus it is of interest to investigate
the luminescence of rare earth doped BaxSr1−xCl2 solid solutions which have the maximal
Ba2+ ion substitution consistent with the cubic phase and hence transparency. Samarium
doping is of particular interest as we expect similar emission properties to LSCBC:Sm2+,
where the emission wavelength is well matched to the response of silicon photodiodes, but
potentially BaxSr1−xCl2:Sm2+ has faster scintillation decay time. Due to the similarities in
host lattice, and therefore crystal fields, it will also be interesting to compare the luminescent
properties of samarium in the two materials and see what effect the presence and absence of
interstitial Cl− ions have.
8.2 BaCl2-SrCl2 solid solutions
BaxSr1−xCl2 samples with values of x between 0 and 1.0 were investigated by thermal
calorimetric analysis. The heating/cooling curves for various compositions are shown in
figure 8.1. The curves shown are second iterations after the constituent compounds have
previously been melted and formed in a solid solution, and so correspond to the melting
patterns of the solid solution as opposed to the SrCl2 and BaCl2 powders. For x ≤ 0.30 the
heating/cooling curves show a profile similar to what one would expect for pure SrCl2. The
heat flow is approximately constant as the temperature is raised until ∼ 850 ◦C, where an
abrupt transition occurs. This indicates the solid to liquid phase transition. Pure SrCl2 melts
at 873 ◦C [119] and melting point depression is expected for an impure material. On cooling
the corresponding liquid to solid transition can be seen around 850 ◦C. The instrumental
hysteresis is typical for differential scanning calorimetry (DSC) instruments and depends on
the heating and cooling rates. For larger values of x (> 0.35) a phase transition on cooling
can be observed between 650 ◦C and 800 ◦C, and with larger fractions of BaCl2 this moves to
higher temperatures. This represents either the separation of BaCl2 and SrCl2 crystals into a
mixed phase solid of orthorhombic BaCl2 and cubic SrCl2, or alternatively, a phase transition
from a cubic solid solution to an orthorhombic solid solution. The temperature of the cubic to
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Figure 8.1: Heating and cooling heat flow curves for (x·BaCl2)-((1-x)·SrCl2) mixtures ranging
from x = 0.20 to x = 0.70. The heating and cooling rates were both 30 ◦C/min.
orthorhombic phase transition of pure BaCl2 is 925 ◦C [119]. For 0.30 < x < 0.35 this phase
transition could be suppressed with a fast cooling rate (30 ◦/min) as is shown in figure 8.1.
This is consistent with previous studies which found the eutectic point to be at 852 ◦C for
a 68:32 Sr2+:Ba2+ ratio [143]. All further work was carried out on samples prepared with
a 70:30 Sr2+:Ba2+ ratio so as to have maximum x-ray attenuation while retaining the cubic
phase.
The samples were prepared from anhydrous BaCl2 and dehydrated SrCl2·6H2O in the ap-
propriate weight ratio. The dehydration of SrCl2·6H2O was as described in chapter 5. The
materials were heated to 1000 ◦C, and the temperature was then held at 1000 ◦C for 15 minutes
to ensure the materials fully melted. The melt was cooled to 880 ◦C at ∼ 4 ◦C/min then
slowly cooled from 880 ◦C to 820 ◦C at ∼ 0.2 ◦C/min then cooled to room temperature at ∼ 3
◦C/min. An especially slow cooling rate was used between 880 ◦C and 820 ◦C as the solid
to liquid phase transition was observed over this range in figure 8.1. A slow cooling rate
below the liquid to solid phase transition relieves strain and helps prevent cracking. This
cooling profile resulted in transparent materials with little or no cracking. The powder x-ray
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Figure 8.2: Powder x-ray diffraction file pattern (PDF) for cubic BaCl2 (top), experimental
pattern for Ba0.3Sr0.7Cl2.0 (middle), and PDF pattern for cubic SrCl2 (bottom).
(a) (b)
Figure 8.3: Photographs of Ba0.3Sr0.7Cl2 doped with (a) 0.1 % samarium and (b) 0.5% europium
showing excellent optical properties.
diffraction (XRD) pattern for a sample of Ba0.3Sr0.7Cl2.0 is shown in figure 8.2 along with the
file patterns of cubic BaCl2 and SrCl2.
As can be seen in figure 8.2 the XRD pattern for Ba0.3Sr0.7Cl2.0 is very similar to the cubic
patterns of BaCl2 and SrCl2; it represents a simple fluorite structure with the peaks found at
angles between those of the pure materials. No evidence of any other phase was observed.
The lattice parameter for the undoped material was found to be 7.080 A˚ from the spacing of
the XRD pattern lines as described in chapter 4; this falls between the values of 7.063 A˚ and
7.311 A˚ for pure SrCl2 and cubic BaCl2 respectively as expected for a mixed crystal material.
Figure 8.3 shows the physical appearance of two samples doped with either samarium or
europium; the transparency can be seen to be excellent. The substitution of 30% of the
Sr2+ ions with heavier Ba2+ ions offers a substantial increase in the effective atomic number
and hence x-ray attenuation coefficient; this can be seen in figure 8.4 which shows the half-
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Figure 8.4: Calculated x-ray half-thickness for Ba0.3Sr0.7Cl2 (blue), Gd2O3S:Tb3+ (black) and
SrCl2 (red) [145].
thicknesses of Ba0.3Sr0.7Cl2, SrCl2 and the commercial x-ray phosphor Gd2O3S:Tb3+. The
half-thicknesses were calculated from the NIST database of x-ray attenuation coefficients [145].
The half thickness of Ba0.3Sr0.7Cl2 is about 40% less than that of SrCl2 for x-rays in the 40-300
keV range.
8.3 Samarium doped BaCl2-SrCl2 solid solutions
Additional doping with samarium was achieved by adding the appropriate weight of anhy-
drous SmCl3 to the BaCl2 and SrCl2 powders before melting. The resulting materials formed
in the cubic phase with excellent optical qualities as can be seen in figure 8.3.
8.3.1 Optical spectroscopy
8.3.1.1 Absorption
Figure 8.5 shows the absorption spectrum of a 0.1 % samarium sample at 12 K and 300 K.
The spectra are very similar to those seen for LSCBC:Sm in the previous chapter and show
the strong 4f6 → 4f55d1 transitions characteristic of the Sm2+ ion. As for LSCBC:Sm the
absorption bands have been labelled A-F in accordance with the scheme of Karbowiak et
al [122], and the transitions corresponding to these labels are shown in figure 8.6.
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Figure 8.5: Absorption spectra of Ba0.3Sr0.7Cl2:Sm (0.5 %) at 12 K and 300 K. The resolution is
1 nm for both spectra. The absorption bands have been labelled A - F in accordance with the
scheme of Karbowiak et al. [122].
Figure 8.6: A schematic diagram of the excited state energy levels of Sm2+, the transitions
corresponding to the absorption spectrum are indicated with arrows. This figure is repeated
from figure 7.4(c). The ordering and labelling of the 4f55d1 states follows the scheme of
Karbowiak et al. for SrCl2:Sm2+ [122].
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8.3.1.2 Photoluminescence and excitation spectra
The samarium doped materials all show red photoluminescence for samarium concentrations
from 0.01 % to 1%. The room temperature photoluminescence is shown in figure 8.7(a)
and consists of a broad emission band corresponding to 4f55d1 → 4f6 transitions of Sm2+
ions peaked at 14580 cm−1 (680 nm). The broad band emission is similar to that seen for
LSCBC:Sm2+. As for LSCBC:Sm we see absorption and photoluminescence corresponding
to Sm2+ ions and not Sm3+ ions. The reduction process which results in Sm3+ → Sm2+
conversion occurring for Ba0.3Sr0.7Cl2:Sm2+ is likely the same as for LSCBC:Sm2+, that is the
formation of carbon monoxide reducing the trivalent samarium ions.
On cooling a dramatic change in emission to purely 4f6 → 4f6 transitions is observed as
seen in figure 8.7(b) which shows the photoexcited luminescence spectra at 12 K. This is as
was observed for the similar material LSCBC:Sm2+ in chapter 7. Both spectra have been
normalised. Figure 8.8(a) shows the emission spectrum at 12 K in more detail, labelled
with the intra 4f6 configuration transitions observed. Figure 8.8(b) depicts the energy level
structure and the transitions observed. At 12 K the 5D0 → 7F1 transition is dominant at
14295 cm−1 (700 nm) and a much weaker 5D0 → 7F0 transition can be seen at 14580 cm−1
(686 nm). Unlike in LSCBC:Sm2+, no evidence of the 5D1 emission can be seen. Further, at
room temperature the emission spectrum is entirely broad band emission and the emission
band peak is at a lower energy than in LSCBC:Sm2+. These effects are all indications that the
crystal field is stronger in Ba0.3Sr0.7Cl2 than in LSCBC and so the lowest 4f55d1 level is closer
to the 5D0 state. The relative intensity of the 5D0→ 7F0 transition compared to the 5D0→ 7F1
transition is much weaker than in LSCBC:Sm2+, which indicates that perturbations on the
cubic symmetry are of a smaller scale. In the perfect Oh symmetry case, this transition has
zero probability.
The room temperature excitation spectrum (also shown in figure 8.7(a)) shows broad band
excitations into the 4f55d1 orbital excited states. On cooling to 12 K (figure 8.7(b)) the excitation
bands narrow as the excited ground states become thermally unreachable.
The intensity of the emission from the two emitted levels can be plotted as a function of
temperature to investigate the population dynamics occurring, and this has been done in
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(c) (d)
Figure 8.7: Photoluminescence excitation and emission spectra of Ba0.3Sr0.7Cl2:Sm2+ (0.1 %)
at (a) 298 K and at (b) 12 K. Expanded views of the emission spectra at (c) 298 K and (d) 12 K.
The resolution of all spectra is 1 nm.
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(a)
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Figure 8.8: (a) The emission spectrum of Ba0.3Sr0.7Cl2:Sm at 12 K labelled above with the intra
4f6 configuration transitions occurring , the grey lines are phonon side bands of the labelled
transitions. The spectrum is shown on a full scale (red) and an expanded scale (orange). (b) A
diagram of the transitions observed from the emission spectrum at 12 K.
figure 8.9. The intensities were found by fitting the main emissions with multiple Gaussian
functions and integrating those emissions from the 4f6(5D0) state and 4f55d1 configuration as
a function of temperature, as was done for LSCBC:Sm2+. At low temperatures the emission is
entirely from the 5D0 state, but as the temperature increases, and the non-radiative transitions
Figure 8.9: Ba0.3Sr0.7Cl2:Sm2+ integrated intensity of 4f55d1, 4f6(5D0) and total photolumines-
cence emission as a function of temperature. The solid lines are provided as a guide to the
eye.
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Figure 8.10: Decay profiles of the 5D0 emission in Ba0.3Sr0.7Cl2:Sm (0.1 %) at 12 K, 50 K and
100 K (left to right); all are well fitted by single exponentials (red lines). The lifetime was
recorded at 685 nm with a 4 nm band pass and excited with a 375 nm LED.
4f6(5D0)→ 4f55d1 transitions become more probable, the emission observed comes entirely
from the 4f55d1 levels.
Figure 8.11: The decay profiles of the 4f55d1 emission in Ba0.3Sr0.7Cl2:Sm (0.1 %) at 200 K, 300
K and 375 K (left to right) all are well fitted by single exponentials (red lines). The lifetime
was recorded at 700 nm with a 1 nm band pass and excited with a 375 nm LED.
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Figure 8.12: Summary of lifetime variation with temperature for both the 4f55d1 and 5D0
emissions in samples with 0.1% and 0.01% samarium doping. The solid black line is provided
as a guide to the eye.
8.3.1.3 Lifetimes
The time dependence of the UV excited broad band emission can be well fitted by a single
exponential (with a baseline), and this is shown for various temperature between 150 K and
375 K in figure 8.11. Figure 8.10 shows the lifetime of the 5D0 emission fitted with a single
exponential (with a baseline) for various temperatures from 12 K to 100 K. At ∼ 100 - 125 K
the intensity of the broad band 4f55d1 emission under the 4f6(5D0) emission line is negligible
and both emissions can be recorded. A summary of the fitted lifetimes for both emissions is
shown in figure 8.12 which shows the values for both 0.1% and 0.01% samarium samples;
the overlap of data points indicates a lack of concentration dependence. As the temperature
is lowered, the non radiative processes feeding the 4f55d1 level from the 4f6(5D0) state slow
until the decay of the former simply mirrors that of the latter.
8.3.1.4 Simulation
We previously modelled the excited state populations and transition rates as a function of
temperature for LSCBC:Sm2+ in chapter 7, and we now do this for Ba0.3Sr0.7Cl2:Sm2+. Again
we use a set of five levels, taking the both the 5D0 and the lowest 5D1 level and their radiative
lifetimes from our experimental data. As we have not observed emission from the 5D1 excited
state we take the energy and lifetime we take to be 15920 cm−1 and 2.15 ms respectively as
150 Chapter 8. Rare earth doped BaCl2-SrCl2 solid solutions
Figure 8.13: The shift in absorption bands of the lowest 4f55d1 levels between LSCBC:Sm2+
and Ba0.3Sr0.7Cl2:Sm2+.
Figure 8.14: Summary of the energy levels and lifetimes used the photoluminescence simula-
tion of Ba0.3Sr0.7Cl2:Sm2+.
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for LSCBC:Sm, and consistent with observations in similar materials [127, 128]. For the first,
second and third lowest 4f55d1 levels we use the same energy gaps as for LSCBC:Sm2+ but
apply an overall shift due to the change in the crystal field. We obtained a shift value of
-360 cm−1 by comparing the absorption bands for the lowest 4f55d1 levels in LSCBC:Sm2+
and Ba0.3Sr0.7Cl2:Sm2+ as shown in figure 8.13. The energy levels and lifetimes used are
summarised in figure 8.14. The simulation process is as described in chapter 7. We assume
the non-radiative decays from higher states solely populates the 5D0 state as this is the only
emission observed at 12 K. The simulation provides an excellent match to data collected as
seen in figure 8.15 which shows the simulated photoluminescence intensities and lifetimes
alongside the experimental data.
8.3.2 X-ray response
8.3.2.1 Radioluminescence
The room temperature radioluminescence of the samarium doped materials is shown in figure
8.16. The emission replicates the photoluminescence seen at room temperature, consisting
of a broad red emission at 14580 cm−1 (686 nm). As well as the red emission band there
is a very broad emission in the blue region (∼ 25000 cm−1) for the lightly doped samples.
This is strongest for the lowest samarium concentrations then decreases in intensity as the
samarium concentration increases due the overlap of the samarium absorption bands with
this emission; the photons are absorbed by Sm2+ ions before they can escape the material.
This effect is particularly clear for the 0.1% samarium sample, where the higher energy part
of the blue emission band which overlaps with a strong samarium absorption band seen in
figure 8.5 is preferentially absorbed. The Sm2+ ion luminescence shows a clear and strong
concentration dependence. For samarium concentrations around 0.01% the emission is weak,
it then becomes stronger to a maximum at about 0.1 % before concentration quenching begins
and the intensity decreases again for concentrations up to 1 % and above.
The undoped material shows the same broad blue emission (see the black line in figure 8.16);
this is a property of the host material independent of the samarium doping. The integrated
intensity of the radioluminescence emission of the 0.1% samarium sample is 30% that of
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(c) (d)
Figure 8.15: (a) Simulated integrated intensity of emission from the lowest five excited states
in Ba0.3Sr0.7Cl2:Sm2+. (b) Simulated lifetimes of the 5D0 and lowest 5d1 excited states. (c)
Experimental integrated intensity of emission from the 5d1 and 5D0 levels (repeated from
figure 8.9). (d) Experimental lifetime variation with temperature for both the 4f55d1 and 5D0
emission (repeated from figure 8.12).
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Figure 8.16: Radioluminescence spectra of Ba0.3Sr0.7Cl2:Sm2+. These spectra were recorded
using a cobalt tube operated at 40 kV and 30 mA and have been corrected for the spectral
response of the detector and sample thickness.
the commercial material Gd2O2S:Tb3+ (DRX-STD by Kasei Optonix Ltd.) meaning these
materials are very bright. As for LSCBC:Sm2+, we note that while the Gd2O2S:Tb3+ material
is much thinner than our samples, both the samples of Ba0.3Sr0.7Cl2 and the Gd2O2S:Tb3+ will
be attenuating the x-ray beam to ∼ 25 % the initial intensity of the x-ray beam.
8.3.2.2 Scintillation
The blue emission from undoped Ba0.3Sr0.7Cl2 shows scintillation; the decay profile is shown
in figure 8.17(a). This has been fitted with a triple exponential (with a baseline) with com-
ponents of 0.11, 0.70 and 2.4 µs with relative integrated intensities of 0.1, 1.0 and 3.0. The
samarium doped samples also show scintillation, an average of events from Ba0.3Sr0.7Cl2:Sm
is shown in figure 8.17(b), these were recorded with a 550 nm longpass filter between the
sample and photomultiplier so definitely arise from Sm2+ red emission. This averaged profile
has been fitted with a single exponential (with a baseline) with a decay time of 30 µs. The
spike at t = 0 is a artefact which arises from the averaging of events.
Pulse height analysis (PHA) was recorded for the undoped sample and compared to the
commercial material NaI(Tl). This was recorded with 137Cs as the source and an integration
time of 4 µs. While there is no clear resolution of a strong photo peak the light output
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appears to be between 12,000 and 19,000 photons per MeV. Similarly PHA was recorded for
a samarium doped sample (0.1 %), the integration time used was slightly longer at 7 µs to
account for the longer scintillation time. There is evidence of a photo peak at 22,000 photons
per MeV. In obtaining this value we have included a correction for the spectral response of
the photomultiplier tube as described in chapter 5. These are high efficiencies which are
common among rare earth doped alkali halides, many scintillators in use have much lower
efficiencies such as Bi4Ge3O12 which only has an efficiency of ∼ 8,000 photons/MeV [146].
The integrated intensity of the NaI(Tl) curves are much higher because this is a 25 mm
diameter and length crystal compared to approximately 20 mm by 5 mm samples, hence the
NaI(Tl) crystal interacts with a much higher fraction of the γ-rays.
8.3.2.3 Thermally stimulated luminescence
Figure 8.19 shows the glow curves of Ba0.3Sr0.7Cl2 and Ba0.3Sr0.7Cl2:Sm2+. The glow curves
indicate up to three traps in the materials. These have been fitted with first order kinetic
equations to extract the peak temperature and activation energy according to the method of
Kitis [90], and the fitted parameters are shown in table 8.1. The thermoluminescence emissions
match the emissions seen under x-irradiation for both samples at all temperatures. This
(a) (b)
Figure 8.17: Scintillation profile of undoped Ba0.3Sr0.7Cl2 (a) recorded on the time correlated
single photon counting system. Scintillation profile of Ba0.3Sr0.7Cl2:Sm2+ (b) recorded as an
average of 2000 events on the fast oscilloscope.
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Figure 8.18: Pulse height analysis spectra for (a) Ba0.3Sr0.7Cl2 and (b) Ba0.3Sr0.7Cl2:Sm2+, both
recorded with 137Cs sources and integration times of 4 µs and 7 µs respectively.
Table 8.1: Fitted Kitis parameters to glow curves for Ba0.3Sr0.7Cl2 and Ba0.3Sr0.7Cl2:Sm2+. E
refers to the trap depth and T the peak temperature of the glow curve corresponding to that
trap.
Trap number Undoped Sm doped
E(eV) Tm (K) E (eV) Tm (K)
1 0.45 ± 0.15 370 ± 15 - -
2 0.70 ± 0.2 440 ± 20 0.80 ± 0.1 440 ± 10
3 - - 1.00 ± 0.1 485 ± 20
was checked by running a second scan with a CCD detector instead of the PMT. Figure 8.20
shows snapshots of the emissions at the the glow curve peak temperatures for an undoped
sample and a samarium doped sample. The undoped and samarium-doped samples have a
common trap with a peak at around 440 K with a binding energy of ∼ 0.7 eV, however for the
undoped material this is of much weaker intensity than the lower energy trap around 360
K with a depth of around 0.5 eV. This lower energy trap is absent for the samarium doped
materials but there is a higher trap around 440 K of depth ∼ 0.7 eV which is dominant for the
samarium doped materials but not the undoped materials. These results are similar to those
seen for LSCBC:Sm in chapter 7.
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Figure 8.19: Thermally stimulated luminescence glow curves for Ba0.3Sr0.7Cl2 (a) and
Ba0.3Sr0.7Cl2:Sm2+(0.5 %) (b). Both were irradiated for 15 minutes at 30 kV 25 mA. The
red lines are the fitted curves, parameters of which are given in table 8.1. In (a) the high
temperature signal is black body radiation.
8.3.2.4 X-ray imaging
The samarium doped materials can be used to form x-ray images. Figure 8.21(a) shows an
image of an 8-pin integrated circuit (IC) chip in which the internal structure can be seen.
Figure 8.21(b) shows an x-ray image of a standard lead grid (Nuclear Associates 07-553, 0.05
mm thick), taken using both Gd2O2S:Tb and Ba0.3Sr0.7Cl2:Sm2+ (0.1%), and recorded with the
Canon 5D Mk 2 camera. Approximately 6 line pairs per millimetre (LP/mm) can be resolved
by eye for Ba0.3Sr0.7Cl2:Sm2+, compared to approximately 4.2 LP/mm for the Gd2O2S:Tb.
Kasei quote a modulation transfer function (MTF) of 0.49 at 2 LP/mm for the Gd2O2S:Tb3+.
The MTF is defined as the ratio of the Fourier transform of the output to the Fourier transform
of the input. In practical terms the MTF is a measure of the spatial frequency response of the
imaging system, in this case the phosphor plates.
8.4 Europium doped BaCl2-SrCl2 solid solutions
Because Eu2+ ions often shows very bright luminescence in alkali halide lattices, and given
that we have found Ba0.3Sr0.7Cl2:Sm to be a bright x-ray phosphor it would be reasonable
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(a) (b)
Figure 8.20: Emission spectra at the peak temperature of the glow curves for Ba0.3Sr0.7Cl2 (a)
and Ba0.3Sr0.7Cl2:Sm2+(0.5 %) (b). The temperatures were 370 K and 400 K respectively. The
emission in figure 8.20(a) is the intrinsic emission and in figure 8.20(b) the Sm2+ ions.
(a)
(b)
Figure 8.21: X-ray images of (a) a 8 pin IC chip taken with Ba0.3Sr0.7Cl2:Sm and (b) a lead grid
showing the resolution compared to Gd2O2S:Tb
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to expect Ba0.3Sr0.7Cl2:Eu2+ to also be a bright x-ray phosphor so we have also investigated
Ba0.3Sr0.7Cl2:Eu. The two distinct emission wavelengths avaliable with Sm2+ and Eu2+ doping
would also offer a new type of dual layer detector with energy discrimination, and this will
be discussed later in this chapter.
8.4.1 Physical Properties
Eu2+ doping was achieved by adding EuCl2 to the BaCl2 and SrCl2 mix prior to heating. This
results in a cubic and transparent material, as shown earlier in figure 8.3.
8.4.2 Photoluminescence
The room temperature photoluminescence emission and excitation spectra for Ba0.3Sr0.7Cl2:Eu
are shown in figure 8.22(a). The europium emission corresponds to 4f65d1→ 4f7 transitions
and is peaked at 24630 cm−1 (406 nm), the half width is 730 cm−1. The europium luminescence
shows a decay which is well fitted by a single exponential (with a baseline) with a decay
time of 1.0 µs, as shown in figure 8.22(b). This value is similar to that for SrCl2:Eu2+ in which
europium is reported to have a lifetime of 0.95 µs [147] and LSCBC where the lifetime was
reported as 0.358 µs for the band assigned to the site of cubic symmetry [118].
8.4.3 X-ray response
8.4.3.1 Radioluminescence
The radioluminescence follows the photoluminescence and is very bright; the room tempera-
ture spectrum is shown in figure 8.23. For high europium concentrations the half width of the
emission increases as can be seen in figure 8.23. The integrated intensity of a 0.5% europium
sample is around 40% that of Gd2O2S:Tb3+.
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Figure 8.22: (a) Room temperature photoluminescence excitation and emission spectra of
Ba0.3Sr0.7Cl2:Eu2+. (b) Room temperature photoluminescent lifetime of Ba0.3Sr0.7Cl2:Eu2+.
In (a) both emission and excitation slits are 1 nm. In (b) the photoluminescent lifetime was
recorded at 406 nm with a 2 nm band pass and excited with a 295 nm LED.
Figure 8.23: Normalised radioluminescence for Ba0.3Sr0.7Cl2:Eu2+ recorded using a cobalt
tube operated at 40 kV and 30 mA
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(a) (b)
Figure 8.24: (a) The scintillation decay profile for Ba0.3Sr0.7Cl2:Eu2+ recorded using the TCSPC
system. Also shown in red is the single exponential fit. (b) Pulse height analysis spectrum for
Ba0.3Sr0.7Cl2:Eu2+ recorded using a 137Cs gamma ray source, and shown compared to NaI(Tl)
and the response from γ-rays with no scintillator present.
8.4.3.2 Scintillation
Ba0.3Sr0.7Cl2:Eu shows reasonably bright scintillation, as previously mentioned in chapter 6
the decay time was recorded using the time correlated single photon counting system. Figure
8.24(a) shows the experimental decay which has been fitted with an exponential decay (with
a baseline) of time constant of 1.6 µs. Pulse height analysis was recorded with an integration
time of 4 µs and shown compared to the response of NaI(Tl) in figure 8.24(b). The light output
is around 26,000 photons per MeV by comparison with NaI(Tl). This compares to 52,000
and 70,000 photons per MeV reported for BaCl2:Eu2+ (orthorhombic) [148] and SrCl2:Eu2+
respectively [111].
8.4.3.3 Thermally stimulated luminescence
Shown in figure 8.25(a) is the glow curve recorded for Ba0.3Sr0.7Cl2:Eu2+. The glow curve has
been fitted according to the Kitis technique and the fitted parameters are tabulated in table
8.2. Figure 8.25(b) shows the emission spectrum at 370 K. The emission was the same over the
whole glow curve changing only in intensity. A second order response for the emission can
be seen around 800 nm. In contrast to Sm2+ doping, Ba0.3Sr0.7Cl2:Eu2+ shows a low energy
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Figure 8.25: (a) Thermally stimulated luminescence glow curves for Ba0.3Sr0.7Cl2:Eu2+ (0.5
%), he red line is the fitted curves, parameters of which are given in table 8.2. (b) Emission
spectra at the peak temperature (370 K) of the glow curves for Ba0.3Sr0.7Cl2:Eu2+. Both (a)
and (b) followed 15 minute irradiations at 30 kV and 25 mA.
Table 8.2: Kitis parameters fitted to glow curves for Ba0.3Sr0.7Cl2:Eu2+. The parameters for
Ba0.3Sr0.7Cl2 and Ba0.3Sr0.7Cl2:Sm2+ are repeated from table 8.1 for comparison.
Trap number Undoped Sm doped Eu doped
E (eV) T (K) E (eV) T (K) E (eV) T (K)
1 0.45 ± 0.15 370 ± 15 - - 0.60 ± 0.1 350 ± 5
2 0.70 ± 0.2 440 ± 20 0.80 ± 0.1 440 ± 10 0.75 ± 0.05 430 ± 5
3 - - 1.00 ± 0.1 485 ± 20 1.00 ± 0.1 480 ± 10
trap as for the undoped material.
8.5 Discussion of x-ray response
The undoped material shows a broad blue emission (see the black line in figure 8.16); this is a
property of the host material independent of the samarium or europium doping. This host
lattice emission is similar to that observed for the undoped LSCBC and reported for SrCl2 [76].
There is also a similar intrinsic emission observed in BaBr2 [149] and BaCl2 [109] which has
been attributed to F centre and Vk centre radiative recombination. It was suggested this was
also the cause of the similar emission in SrCl2 [76]. It would seem likely the emission observed
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Figure 8.26: Depiction of possible trapping H-F-centre recombination mechanism in
Ba0.3Sr0.7Cl2.
here has a similar origin, but we propose that it involves H centres rather than Vk centres.
The two both result in a Cl−2 molecular ion and have similar spectroscopic properties.
The suggested process is depicted in figure 8.26; an incident γ-ray may simultaneously ionise
and displace a Cl− ion from the lattice. The ionised electron may then be trapped at the anion
vacancy left behind or at another distant anion vacancy. The displaced Cl− ion would likely
move to a nearest neighbour interstitial site and associate with another lattice Cl− anion to
form a Cl−2 molecular ion at an anion site, otherwise known as a H centre.
These traps would not be highly stable at room temperature and prompt recombination
would occur as bound exciton emission (H centre + electron), this explains the broad blue
emission in the undoped material.
This blue emission overlaps the Sm2+ excitation bands and to a lesser extent the Eu2+ ab-
sorption bands, and so in the samarium or europium doped material this blue emission may
be absorbed by the Sm2+ or Eu2+ ions. In this case luminescence characteristic of Sm2+ or
Eu2+ would be seen. The probability of seeing the host emission would decrease as the rare
earth concentration increased as was observed. Direct excitation of Sm2+ or Eu2+ ions is also
possible, an incident x-ray is more likely to interact with these ions as their atomic numbers
are larger than that of strontium, barium or chlorine. The x-ray may ionise the Sm2+ or Eu2+
ion to give their trivalent forms (Sm3+ or Eu3+), which could promptly recombine with the
electron returning the ion to the divalent valence state in an excited state, resulting in Sm2+
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or Eu2+ emission.
The typical concentrations used here for europium doping are much larger than those used
for samarium doping because Sm2+ shows concentration quenching at relatively low con-
centrations. This matches with our observation of Eu2+ only luminescence for the europium
doped samples.
The thermally stimulated luminescence (TSL) glow curves shows some interesting properties.
The same low temperature trap (Tmax ∼ 360 K) is observed for the undoped material and
europium doped material. While the trap appears to be the same, the corresponding spectral
emissions are different. In the europium doped material there must be some transfer of energy
to the Eu2+ ions as it is the Eu2+ emission that is observed, whereas it is the blue emission
observed from the same trap in the pure material. The samarium doped material does not
have a glow curve peak corresponding to this low energy trap. The thermoluminescence
signal intensities also vary between the materials. While we have no qualitative measure of
this, the signal strength depends on many parameters such as the amount of material and
the concentration, we can qualitatively say the signal from the europium doped material is
very strong, that from the samarium doped material is moderate, and that from the undoped
material is weak. Because the undoped material shows such a weak signal the emission due
to black body radiation can be seen at high temperatures. For the samarium doping and
europium doping this is dwarfed by the thermoluminescence signal.
Without extensive further measurements we cannot be unequivocal regarding the thermolu-
minescence mechanism. Here we consider just the dominant glow curve peaks and propose
a mechanism which matches our low level experimental observations but would require
further experimental verification.
It is widely recognised that alkaline earth halides commonly have impurities [150, 151]. Eu3+
is a likely contaminant in our furnace/crucible infrastructure because it has been intensively
studied at VUW. Assuming we have some unintentional Eu3+ impurities in our starting
chemicals, this could provide an electron trap. Figure 8.27 depicts our suggested trapping
mechanism which is described in what follows. As a trivalent ion, this impurity will also have
introduced extra anions. The extra anions may or may not be associated with the Eu3+ ion as
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Figure 8.27: Depiction of possible TSL mechanism in nominally pure Ba0.3Sr0.7Cl2. The anions
are shown in green, the cations in blue, Eu2+ ions in red and Eu3+ ions in purple. The anions
surrounding the Eu3+ ions likely have some associated defect, this is indicated by the yellow
square.
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it may or may not be charge compensated by a halide anion, or it may have some other charge
compensation mechanism such as an O2− ion; a mixture of compensated and uncompensated
sites would likely occur [137]. For each Eu3+ not compensated by an interstitial anion there
is an interstitial anion spatially distinct from the Eu3+ ion. On x-irradiation the interstitial
anions may be ionised to form molecular ions, H centres. The ejected electron may then be
attracted to the Eu3+ ion and become trapped. The trapped electron is bound to the Eu3+ ion
giving a Eu2+ ion. This trap is stable at room temperature but on heating releases the electron,
the electron may then find its way back to H centre where radiative recombination occurs
and the intrinsic emission is seen.
The exact nature of the trap at the Eu3+ ion could have many forms. An OH− at an anion site
would seem likely; this allows for some level of charge compensation of the Eu3+ through the
strong dipole of OH− molecular ion, but the electron released by the formation of an H centre
would be strongly attracted to the trap as there is an overall positive charge. In contrast a
Eu2+-Cl− pair is electrically neutral. OH− is a commonly observed impurity in alkaline earth
halide lattices [152].
In the case of Eu2+ doping, we would expect many more traps. EuCl2 almost always has
some fraction of EuCl3. Therefore the TSL signal would increase. The mechanism for Eu2+
doping is shown in figure 8.28. The trap is the same, but the ionisation (and recombination)
occur at a Eu2+ ion so the luminescence observed is that of Eu2+. The Eu2+ ion can be ionised
by incoming x-rays to leave an uncompensated Eu3+ ion. When the material is heated and the
electron released from the trap it can return to the uncompensated Eu3+ ion and luminescence
will be observed.
In the samarium doped material, a different trap depth is seen. In this case the mechanism
would be the same as for the europium doped material but replacing all europium ions with
samarium ions. There is some evidence of trap depths (above room temperature) changing
with trivalent rare earth ion [137]. The TSL signal from Ba0.3Sr0.7Cl2:Eu2+ corresponding to
this peak would correspond to samarium contamination in the preparation process.
While it is true we would expect to see the same Eu3+ traps in the samarium doped material
as in the undoped material there are two reasons these might not be observed. Firstly they
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Figure 8.28: Depiction of possible TSL mechanism in europium doped Ba0.3Sr0.7Cl2. The
red are cations, the green are fluorines, purple are blue are Eu3+ and Eu3+ respectively. The
anions surrounding the Eu3+ ions likely have some associated defect, this is indicated by the
yellow square.
could well be present but in a much lower concentration, as discussed above the signal from
the undoped material is weak. Secondly the trapping probabilities would be expected to be
different for Eu3+ and Sm3+.
This model allows the same trap depth for undoped and doped europium material but
different emissions. It allows for a different trap depth for samarium doping. This model
relies on the presence of Eu3+ impurities in undoped Ba0.3Sr0.7Cl2 and incomplete conversion
of the trivalent dopant ions (samarium and europium). While we observed no evidence of
trivalent samarium or europium in our materials, any spectroscopic absorption or emission
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from these ions would be very weak as the concentration would be low. Furthermore in the
materials also containing divalent ion any trivalent ion emission or absorption would likely
be dwarfed by the very strong allowed 5d→ 4f transitions.
Sastry et al. [151] observed similar glow curves for SrCl2 and SrCl2:Eu2+ and proposed a
similar trapping mechanism for the europium doped material. The difference between the
models is the location of the hydroxyl group. Sastry et al. [151] associate this with the divalent
europium ion as opposed to the trivalent ion which we suggest. We suggest it would be more
likely to associate with the trivalent ion for both electrostatic and elastic reasons. We would
expect the dipole of the hydroxyl group to mean it preferentially associates with the trivalent
ion which has a charge mismatch to the lattice cations. As the trivalent ion is smaller than the
divalent ion we would expect the hydroxyl group to ’fit’ better at a site near the trivalent ion.
Furthermore if the Eu2+ ion is associated with the hydroxyl group the emission observed
should be of a perturbed site yet we see the same emission from photoluminescence and
thermally stimulated luminescence.
8.6 Summary
Transparent polycrystalline Sm2+ and Eu2+ doped cubic Ba0.3Sr0.7Cl2 samples were easily
produced without cracking. The spectroscopy of Ba0.3Sr0.7Cl2:Sm2+ is similar to that of
LSCBC:Sm2+ but the crystal field appears stronger in Ba0.3Sr0.7Cl2:Sm2+. The effect of this is
seen in a reduction of lifetime and red-shift of the emission band. The reduction of lifetime
occurs as the 4f55d1 emission has a different, faster feeding rate. The materials are very bright
phosphors with integrated intensities of 30 % and 40 % that of Gd2O2S:Tb3+ for Sm2+ and
Eu2+ doping respectively. All the materials investigated show scintillation. The lifetime
of the red scintillation from Ba0.3Sr0.7Cl2:Sm2+ is ∼ 30 µs, too long for most scintillation
applications but satisfactory for a fast x-ray phosphor. For Ba0.3Sr0.7Cl2:Eu2+ the scintillation
lifetime was 1.6 µs. The imaging resolution is better than that for Gd2O2S:Tb3+. While this
was measured for Sm2+ only, the resolution is a property of the polycrystalline character
and the scattering, as opposed to the luminescent centre, so we expect the same for Eu2+
doping. There is an intrinsic host lattice emission of Ba0.3Sr0.7Cl2 which is likely due to H and
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(a) (b)
Figure 8.29: Phoswich design and expected pulse shapes, a γ-ray travelling on the path Y-Y
will give a fast pulse, γ-ray travelling on the path Z-Z will give a long pulse and a γ-ray
travelling on the path X-X will give a composite pulse [153].
F centre recombination. There are significant traps, stable above room temperature, which
are attributed to trivalent rare earth impurities and likely slow the scintillation process. The
neutron sensitivity of these materials was also investigated, and this reported in appendix
A.
8.7 Phoswich application
8.7.1 Introduction
The concept of a phoswich (phosphor sandwich) was originally introduced by D. H. Wilkinson
in 1952 for directional sensing with one photodetector [153]. He proposed the basic phoswich
system as shown in figure 8.29(a), where the top (blue) phosphor has a fast decay time and
the lower (orange) phosphor has a much slower decay time, the pulse detected then depends
on the path of the radiation. Figure 8.29(b) shows the pulse variation depending on the path
of the γ-ray. Wilkinson tested this set-up with NaI(Tl) and stillbene scintillators and was able
to distinguish the three different shaped pulses depicted in figure 8.29.
More recently phoswich detectors have been used for dual energy imaging [154]. This is a
well known technique and is commonly used in commercial systems such as airport baggage
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scanners and bone density scans. The basic concept relies on the difference of the attenuation
of x-rays through different materials. As discussed previously in chapter 3, the attenuation
depends on the chemical properties of the material, the energy of the x-ray and the thickness
of the material. The number of photons of energy E transmitted per second through a
thickness z of material with an attenuation coefficient of µ(E) is given by
N = N0 exp(−µ(E)z) (8.1)
This means a standard x-ray image can be the same for a thick piece of material with a low
attenuation coefficient or a thick piece with a high attenuation coefficient. One must know
either the thickness or the material to extract the other. If one has two successive materials in
the beam path the number of photons transmitted becomes
N = N0(exp(−µ1(E)z1)× exp(−µ2(E)z2) (8.2)
Knowledge of the materials, and so µ1 and µ2, is not sufficient to solve this equation. However,
for a second x-ray beam at a different energy (E ′) we have
N = N0(exp(−µ1(E ′)z1)× exp(−µ2(E ′)z2) (8.3)
With two equations and two unknowns (in this case the thicknesses z1 and z2) a unique
solution can be found. This is important for diagnostics. For example the images can be
subtracted to give separate tissue and bone maps, in medical radiography this can show if
lesions have calcified. Figure 8.30 shows a commercial example of image subtraction.
In general dual energy imaging is done using either a one-shot or two shot technique. A two
shot technique takes two distinct images with two different x-ray beams. This offers high
signal to noise ratio but exposes the patient to two x-ray doses and allows for movement
(for example respiration) between images which can blur features. The other main technique
called ’one shot’ uses just one x-ray beam with two detectors separated by a copper filter,
this changes the beam by absorbing some of the lower energy component. This offers less
contrast between the beams, but eliminates the effects of any patient movement between
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Figure 8.30: Commercial example of image subtraction providing separate bone and tissue
maps of lungs and ribs [155]
images. Both these techniques require two read outs of the two images.
Using our new x-ray phosphor materials Ba0.3Sr0.7Cl2:(Sm2+ or Eu2+) we propose a new
phoswich system, in which the energy discrimination is based on the emission wavelengths
as opposed to pulse shape analysis which is normally used [156, 157]. We can use the
europium and samarium emissions in a two layer system. The attenuation of the x-ray beam
in our top layer detector will be sufficient to change the beam to a different energy by the
time it reaches the second layer. Using our set-up for imaging with a semi-professional grade
CMOS digital camera we can utilise the three colour channels with responses peaked at 450,
530 and 600 nm [96] to detect the different emissions in separate channels with a single read
out.
8.7.2 Energy discrimination with Ba0.3Sr0.7Cl2:RE (RE = Sm2+ or Eu2+)
A ’phoswich’ stratified detector was constructed from a thin disc of Ba0.3Sr0.7Cl2:Eu2+ on top
of a thicker Ba0.3Sr0.7Cl2:Sm2+ disc. As shown in figure 8.31(a) the relative intensities of the
x-ray induced luminescence from these two layers of the phoswich depends on the energy of
the incident beam. We find that the relative emission band intensities show a clear variation
with mean x-ray energy, as shown in figure 8.31(b). This can be simply understood from the
greater penetration of a higher energy x-ray beam so that the red emission from the lower
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(a) (b)
Figure 8.31: (a) Ba0.3Sr0.7Cl2 phoswich response to x-irradiation of different mean energies.
(b) Plot of ratio of integrated intensities of Eu2+ emission to Sm2+ emission as a function of
mean x-ray energy.
layer will increase relative to the blue from the top layer with x-ray energy. In this case the
europium and samarium doped layers were 300 and 2000 µm thick respectively.
Figure 8.32 shows an optical arrangement designed to make use of this energy discrimination
in x-ray imaging, and which can potentially reveal composition information for a target
object. Different elements in the target may be distinguished by the different dependencies
of their x-ray absorption cross sections with energy. With a thin europium doped layer in
front of a thicker samarium doped in the phoswich structure, two images are formed, one
in the blue camera channel from the top disc, and one in the red channel from the bottom
disc, and corresponding to different mean beam energies. This is because as the x-ray beam
passes through the first layer the lower energy x-rays are preferentially absorbed leaving a
hardened higher energy beam to be absorbed in the second thicker layer. Using mass energy
attenuation coefficients to calculate the spectrum of x-rays absorbed in each layer and then
integrating we have calculated the mean energy of the absorbed beam to be 30 keV and 48
keV for a 500 µm europium doped layer on a 1000 µm samarium doped layer respectively.
This calculation was based on the maximum energy of the polychromatic beam from the
(tungsten anode) x-ray set being 70 keV. As our top europium doped layer is transparent to
red light, the samarium emission can pass through it, and so we can record both the red and
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Figure 8.32: Ba0.3Sr0.7Cl2 phoswich set-up utilising camera detector.
blue images with the aid of a thin (x-ray transparent) plane mirror and a semi-professional
grade digital SLR camera [96], as shown in figure 8.32.
The different emissions are detected in different colour channels of the camera allowing for a
single read out of the two images formed. The blue, green and red camera channels have peak
sensitivity at 450, 530 and 600 nm [96]. While the phoswich emissions (samarium at 680 nm
and europium at 406 nm) are not perfectly matched to the peak channel wavelengths, there is
minimal overlap of the bandpass and so it is possible to completely separate the images from
the two layers of the phoswich. Figure 8.33 shows the low energy and high energy images
of an IC chip, where the image is mainly generated by the metal tracks, legs and pads. The
silicon chip at the centre of the IC is itself mounted on a metal pad. The low energy image
shows little or no difference in brightness between the centre of the IC, where the silicon chip
displaces most of the encapsulant, and the peripheral parts where the thickness comprises
a conducting track and (mostly) the encapsulant. However the high energy image shows a
clear contrast between those two zones.
We note the top europium doped layer image is much sharper than the bottom samarium
doped layer image; this is due to both scattering and focusing effects. The camera is focused
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Figure 8.33: (a)Low and (b) high energy images of 8 pin integrated circuit chip.
on the top layer, so the finite depth of field of the camera means the bottom layer is not so well
focused. Also as the lower layer is much thicker there is more scattering in that layer. Finally,
the emission from the bottom layer must pass through the top layer which again increases
the chance of scattering. Another potential cause of image distortion is the chance of the
emission from the europium doped layer exciting photoluminescence in the samarium doped
layer. To minimize this effect we interspersed a thin long-pass red cellophane filter between
the two. This means the europium emission is blocked from reaching the red-emitting layer
and exciting the Sm2+ ions, but the samarium emission is not prevented from reaching
the detector. However this is a potential source of emission intensity loss due to internal
reflections.

Chapter 9
Samarium doped calcium fluoride
9.1 Introduction
In chapter 8 it was found that Ba0.3Sr0.7Cl2:Sm2+ showed red scintillation but the scintillation
applications of this material are limited by the relatively long lifetime. For counting and
coincidence applications, such as positron emission tomography (PET), a faster scintillation
lifetime is required. While Sm2+ ions frequently show bright 4f55d1 → 4f6 luminescence,
the lifetime of this emission seems to be limited to the microsecond range. This was seen
experimentally for LSCBC:Sm2+ and Ba0.3Sr0.7Cl2:Sm2+ in the preceding chapters, and is
generally consistent with the simulations (performed by Dr. Reid) described in chapter 7.
Further evidence of this is found when one looks at the Sm2+ ion emission in a range of alkali
halide and alkaline earth halide lattices. Figure 9.1 shows the lifetime of the dominant Sm2+
emission in a range of alkaline earth halide host lattices as a function of temperature. These
are recorded at the 5D0→ 7F1 transition energy.
Two main trends can be observed from figure 9.1. Firstly, at the lowest temperatures the
lifetime is generally ∼ 10 ms. Secondly, as the temperature increases, the lifetime decreases.
The strong temperature dependence of Sm2+ ion luminescence arises from the proximity of
the 4f55d1 and the 4f6(5D0,1) excited states as shown in chapter 7 and, in some lattices, the
conduction band. Variations in crystal lattices change both the band gap and the crystal
field influencing the 4f55d1 excited state levels. While the exact level locations of the 4f55d1
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Figure 9.1: The lifetime of the dominant emission from Sm2+ ions in various alkaline earth
halide lattices as a function of temperature. The lines are a guide to the eye. The data
points for LSCBC and Ba0.3Sr0.7Cl2 are taken from chapters 7 and 8 of this work. The data
points for CaF2, SrF2, SrCl2 and BaF2 are from reference [158] and for BaBr2 and BaCl2 from
reference [128].
excited states vary, the lowest excited state is normally above the 5D0 state. A generalised
level structure is depicted in figure 9.2.
At the lowest temperatures the main emission is from the lowest excited state, generally
the 5D0 state, and the ∼ 2 - 20 ms lifetime recorded is the radiative lifetime of this state. As
the temperature is increased the rate of competing non-radiative processes increases, and
the overall lifetime decreases. In lattices where the 4f55d1 emission is seen the temperature
dependence is very strong. This is the same behaviour seen in chapters 7 and 8. While
these trends hold for most alkaline earth halides, there is an anomaly: CaF2:Sm2+. At low
temperatures the lifetime of Sm2+ ion luminescence in CaF2 is much faster than other Sm2+
doped alkali earth halides (1.3 µs compared to∼ 104 µs). The crystal field is known to increase
with cation size [82–85] which makes the crystal field stronger in CaF2 than say BaF2, and
so the crystal field in CaF2 is sufficiently large that the lowest 4f55d1 is actually below the
4f6(5D0) excited state [130, 159, 160]. This is more commonly seen in alkali halides and means
the emission at the lowest temperatures is from the 4f55d1 configuration and is electric dipole
allowed. As such, the lifetime of Sm2+ is much faster in CaF2 than in other alkaline earth
halide lattices.
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Figure 9.2: Depiction of the energy levels for Sm2+ in a cubic crystal site.
Above 200 K the lifetime of Sm2+ in CaF2 decreases as non-radiative transitions become
significant. The rate of decrease in lifetime and the temperature at which the non-radiative
processes become significant depends on the relative positions of the 4f55d1 emitting level,
the 4f6(5D0,1) levels and the conduction band. In CaF2:Sm2+ luminescence is observed right
up to 300 K. In contrast the luminescence of BaF2 and SrF2 is completely quenched at room
temperature as excitation to the conduction band becomes thermally activated below 300 K.
The band gap of CaF2 is approximately 12.1 eV compared to 10.6 eV for BaF2 [161], allowing
for luminescence to be observed over a greater temperature range.
This decrease in luminescent lifetime of CaF2:Sm2+ comes at the cost of intensity. For a simple
single level system the rate of change of population of the excited state (NE) is given by
dNE
dt
= Rpump −NE(Rrad +Rnon−rad) (9.1)
Where Rpump is the excitation rate into the excited state, and Rrad and Rnon−rad the rates of
de-excitation by radiative and non-radiative routes respectively. The light output (I) observed
will be proportional to the radiative de-excitation rate
I ∝
∫
hυNERrad dυ (9.2)
where hυ is the energy of the emitted photon. From setting equation 9.1 to zero for a steady
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state such as continuous wave excitation
I ∝
∫
hυ dυ
RradRpump
Rrad +Rnon−rad
(9.3)
and as the observed lifetime (τ ) is given by
τ =
1
Rrad +Rnon−rad
(9.4)
the light output is proportional to
∫
hυ dυRradRpumpτ (9.5)
furthermore Rrad is temperature independent so the change in light output as a function of
temperature is directly proportional to the change in observed lifetime. As the lifetime of
CaF2 decreases the light output must also decrease at the same rate. As discussed in chapter 3,
all scintillators have strengths and weaknesses, a high light output is required for computed
tomography (CT), but is desirable not critical for PET for example. Thus we investigate
the possibility of using CaF2:Sm2+ as a fast red scintillator for coupling to semiconductor
detectors.
CaF2:Sm2+ has been known to show luminescence for many years, and it was first investigated
primarily due to the maser action of the material at low temperatures, discovered by Kaiser
et al. in 1961 [162]. Both the spectroscopy of CaF2:Sm3+ [163, 164] and CaF2:Sm2+ [130, 162]
have been reported previously. The low temperature thermally stimulated luminescence and
effect of γ irradiation have also been reported [165]. However, no account of the scintillation
or x-ray phosphor characteristics of CaF2:Sm2+ could be found. CaF2:Eu2+ is a commercially
available scintillator with a light output of 24,000 photons per MeV [166, 167]. Due to the low
atomic numbers it offers low back-scattering, so is usually used for detecting β particles and
low-energy γ-rays.
In our investigation of this material we were first kindly lent some CaF2:Sm single crystals
by Dr. John Campbell of Canterbury University to investigate before we took on the task
of growing our own polycrystalline material. Preliminary investigations of these samples
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Figure 9.3: Photograph of CaF2:Sm samples for various samarium dopant concentrations.
The concentrations are 0.01 %, 0.1 % and 1 % from left to right.
showed we could indeed observe fast red scintillation from the materials, and so we under-
took to make our own polycrystalline samples. All reported measurements are of samples
produced at Victoria University.
9.2 Physical properties
The samples were made by melting anhydrous CaF2 single crystal chips, samarium metal
powder and PbF2 powder. Samarium doping was also attempted with SmF3 but it was found
the samarium metal was most effective at achieving Sm2+ doping. While the incorporation
of O2− ions in CaF2 does not change the luminescence of CaF2:Sm2+ [168], the lattice does
incorporate oxygen easily and we wish to work with the pure material. Lead fluoride was
therefore added to act as a oxygen scavenger via the reaction
PbF2 +O
2− → PbO + 2F− (9.6)
The constituent chemicals were heated up to 1465 ◦C over a period of an hour in a glassy
carbon crucible. The temperature was then held at 1465 ◦C for fifteen minutes. The melt
was then slow cooled to 1210 ◦C over the period of eight hours before being cooled to room
temperature over the period of ten hours. In this manner large (up to 15 g) samples could be
formed without cracking. Shorter cooling times resulted in cracking of the boules. As shown
in figure 9.3 the colouration of samples ranged from light green for 0.01 % samarium doping
to almost black for 1 % samarium doping.
Shown in figure 9.4 is the file x-ray diffraction pattern for CaF2 and a representative powder
x-ray diffraction pattern of our samples. The agreement between the two patterns is excellent
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Figure 9.4: File x-ray diffraction pattern for CaF2:Sm (0.1 %) (top) and experimental powder
pattern.
confirming the samples are cubic CaF2. There is no evidence of any other phase or material.
Figure 9.5 shows the x-ray half thickness of CaF2 compared to that of the commercial scin-
tillator NaI(Tl). While calcium and fluorine do not have particularly high atomic numbers,
the x-ray half thickness is comparable to that of the NaI(Tl) in the range of 100 to 1000 MeV.
Outside this energy range the half-thickness of CaF2 is an order of magnitude greater than
that of NaI(Tl).
Figure 9.5: X-ray half thickness of CaF2 and NaI(Tl) as a function of x-ray energy. Data taken
from the NIST database [145].
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(a)
(b)
Figure 9.6: Photographs of CaF2 doped with 0.1 % samarium (a) and 0.2 % europium (b).
Both samples show cleavage faces indicative of single crystals.
The samples produced where presumed to be polycrystalline, however, as shown in figure
9.6(a) they showed cleavage faces on fracturing. Cleavage faces are a feature of single crystals
and not polycrystalline materials, and so it appeared that we had unintentionally produced
large single crystals of CaF2:Sm. Electron spin resonance (ESR) is one way of checking the
crystallinity. The ESR spectrum of a material depends on the orientation of the magnetic
field with respect to the crystal structure, thus the ESR spectrum of a rare earth doped single
crystal is vastly different to the corresponding polycrystalline material and this technique
can be used to clarify the crystallinity. Unfortunately Sm2+ does not show an ESR signal as
there are an even number of electrons. Instead, as Eu2+ has on odd number of electrons (4f7
ground state configuration), europium doped CaF2 was prepared as for the samarium doped
materials. As shown in figure 9.6(b) these were transparent and showed cleavage faces as for
samarium doping.
Figure 9.7 shows the ESR spectrum recorded for CaF2:Eu2+ compared to the patterns simu-
lated for a single crystal and for a polycrystalline material. The simulations were performed
using Easyspin software [169] with parameters given in table 9.1. The recorded signal is an
excellent match to that simulated for a single crystal. This is a very interesting result. We
have produced large (15 g) single crystal samples in a RF furnace without any intention of
doing so. This likely arises from a thermal gradient across the furnace due to a small gap in
the insulation together with the slow cooling rate.
Given this surprising result, the materials in previous chapters were checked to ensure that
they were indeed polycrystalline, and so ESR was also recorded for Ba0.3Sr0.7Cl2:Eu2+. Figure
9.8 shows the ESR recorded for Ba0.3Sr0.7Cl2:Eu2+ compared to that simulated for SrCl2:Eu2+
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Figure 9.7: Electron spin resonance spectra of CaF2:Eu2+; the recorded spectrum (top), the
simulated spectrum for a single crystal aligned with the magnetic field parallel to the <100>
axis (middle) and the simulated spectrum for a polycrystalline material (bottom).
Table 9.1: Electron spin resonance parameters used for Easyspin simulation.
Lattice g A151 A153 b4 b6 frequency Reference
(10−4 cm−1) (10−4 cm−1) (MHz) (MHz) (GHz)
CaF2 1.9926 36.9 16.4 -176.12 0.78 9.004 [170]
SrCl2 1.995 32 14.2 -178.10 0.12 9.014 [171]
Figure 9.8: Electron spin resonance spectra of Ba0.7Sr0.3Cl2:Eu2+; the recorded spectrum (top),
the simulated spectrum for a single crystal aligned with the magnetic field parallel to the
<100> axis (middle) and the simulated spectrum for a polycrystalline material (bottom).
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in single crystal and polycrystalline form. Again the simulations were performed using
Easyspin software [169] and parameters used are given in table 9.1. Given the similarities
between Ba0.3Sr0.7Cl2:Eu2+ and SrCl2:Eu2+ they should show similar ESR spectra. Figure 9.8
shows the Ba0.3Sr0.7Cl2:Eu2+ spectrum matches the polycrystalline spectrum of SrCl2 and not
the single crystal.
We chose to work with polycrystalline materials because they are inexpensive and fast to
produce. However, if we can produce large single crystals in the same manner there is no
disadvantage. Single crystals have excellent optical properties, and should be potentially
superior to a polycrystalline material.
9.3 Optical spectroscopy
9.3.1 Absorption
Figure 9.9 shows the absorption spectrum of CaF2:Sm. This is dominated by the strong Sm2+
4f6→ 4f55d1 absorption bands which match those reported previously for CaF2:Sm2+ [130].
There is no evidence of Sm3+ absorption, which is expected around 17800 cm−1 [132]. Any
Sm3+ 4f5→ 4f5 transitions would likely be much weaker than the Sm2+ 4f6→ 5d1 absorption
bands.
9.3.2 Photoluminescence excitation and emission spectra
Shown in figure 9.10 is the photoluminescent excitation and emission spectra at room temper-
ature and 12 K. At room temperature the excitation spectrum follows the absorption spectrum
and the emission spectrum shows two features; a broad band and some weaker sharp lines.
The broad band emission is peaked at 13800 cm−1 (725 nm). This is the Sm2+ 4f55d1 → 4f6
transition. On cooling to 12 K, the excitation spectrum shows some sharp lines superim-
posed on the broad bands, are these zero phonon absorption lines. In particular the lowest
energy sharp line is at 14500 cm−1 (689 nm) and is identified with the 4f6(7F0)→ 4f55d1(Γ8g)
transition [130]. The emission spectrum at 12 K is dominated by one sharp line transition
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Figure 9.9: Absorption spectrum of CaF2:Sm (0.1 %) at room temperature. The resolution is 1
nm.
at 14130 cm (708 nm). Figure 9.11 shows the emission profile of CaF2:Sm2+ in more detail
as the temperature is reduced from 300 K to 12 K. The spectra are in good accordance with
those previously reported [130]. The dominant sharp line is identified with the 4f55d1(Γ8g)→
4f6(7F1) transition [130]. The continuum of lines of the low energy side of this transition are
the transitions from the excited states of the 4f55d1 configuration [130].
(a) (b)
Figure 9.10: Photoluminescence excitation and emission spectra of CaF2:Sm (0.1 %) at (a) 300
K and (b) 12 K. The resolution is 1 nm for all spectra.
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Figure 9.11: Photoluminescence emission spectra of CaF2:Sm (0.1 %) between 300 K and 12 K.
The excitation energy was 22220 cm−1 and the resolution is 1 nm for all spectra.
The sharp lines visible in the room temperature emission spectrum (figure 9.10(a) between
16000 cm−1 (625 nm) and 18000 cm−1 (556 nm) match those reported for CaF2:Sm3+ 4f5→ 4f5
transitions [132, 163]. At 12 K the Sm3+ luminescence is not visible.
The Sm3+ ions require charge compensation as they substitute for divalent cations. In CaF2
the dominant site for trivalent rare earth dopants at concentrations less than 0.1 % is expected
be a C4v site [132]. This site corresponds to charge compensation by a nearest neighbour
interstitial fluorine along the <100> direction [132]. At concentrations above 0.1 % clusters
preferentially form, these decay non-radiatively due to efficient cross-relaxation processes
between the constituent Sm3+ ions [132]. A second site of C3v symmetry corresponding
to charge compensation by an O2− ion on an anion site is reported in the literature for
CaF2:Sm3+ [132, 163, 172]. Shown in figure 9.12 is the Sm3+ luminescence of samples of
CaF2:Sm (0.1 %) prepared with and without the addition of PbF2. The Sm3+ concentration is
less than 0.1 % as some conversion to Sm2+ has occurred and so, as the photoluminescence
was weak only the dominant non-cluster related sites were observed. The emission lines
which correspond to oxygen and fluorine charge compensation have been indicated above
the spectra [132, 163, 172]. The lower spectrum, for a sample made without PbF2, shows
emission lines corresponding to both sites. The upper spectrum, for a sample made with
PbF2, shows predominantly the lines associated with an interstitial fluorine. This confirms
186 Chapter 9. Samarium doped calcium fluoride
Figure 9.12: Photoluminescence emission of CaF2:Sm3+ prepared with and without PbF2
showing that different occur sites for the Sm3+ ion. Both spectra have been normalised. The
bar diagrams above indicate the lines associated with the oxygen compensated site and
fluorine interstitial compensated site [132, 163, 172]. These spectra are from samples doped
with SmF3 and not samarium metal.
the addition of PbF2 is removing most of the O2− ions present in the melt.
9.3.3 Photoluminescent lifetimes
Figure 9.13 shows the CaF2:Sm2+ photoluminescence decay profiles at 300 K and 12 K. These
have been fitted with single exponentials (with baselines) of 46 ns (300 K) and 1300 ns (12 K)
respectively. Figure 9.14 shows the room temperature decays of samples of concentrations
0.01 %, 0.1 % and 1 % samarium doping. These have been fitted with exponential decays
(with baselines) with time constants of 55 ns, 53 ns and 42 ns respectively. The lifetime
decreases slightly with increasing concentration due to concentration quenching.
The decay was fitted with a single exponential decay (with a baseline) at various temperature
between 12 K and 300 K. A single exponential decay provides a good fit at all temperatures.
Shown in figure 9.15(a) is the temperature variation of the lifetime recorded here as well
as that reported in the literature [158]. In general the two data sets are similar, although
the recorded lifetime at room temperature here is 46 ns compared to ∼ 90 ns. The decay at
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(a) (b)
Figure 9.13: Photoluminescent lifetime of CaF2:Sm (0.5 %) emission at (a) 12 K and (b) 300 K.
The excitation source was a 625 nm LED and the emission was recorded at 750 nm with a 10
nm bandpass. The decays have been fitted with exponential decays with lifetimes of 46 ns
and 1.2 µs respectively.
room temperature was recorded with various excitation and emission wavelengths and no
significant variation was found. The differences in lifetimes for measurements recorded here
and in reference [158] are small, and likely arise from concentration differences.
Figure 9.15(b) shows the normalised integrated intensity of the photoluminescence as a
function of temperature, compared to the lifetime variation. As expected the temperature de-
Figure 9.14: Photoluminescent lifetimes of CaF2:Sm for samarium concentrations of 0.01 %,
0.1 % and 1 % at 300 K. These decays have been fitted with exponential decays with lifetimes
of 55 ns, 53 ns and 42 ns respectively.
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(a) (b)
Figure 9.15: (a) CaF2:Sm photoluminescence lifetime as a function of temperature. (b) Nor-
malised photoluminescence lifetime and integrated emission intensity as a function of tem-
perature. The photoluminescence for lifetime measurements was excited at 15750 cm−1 and
recorded at 136700 cm−1.
pendence of the photoluminescence intensity closely matches the photoluminescent lifetime.
The decrease in both above 150 K indicates this is the point at which the thermal energy is
sufficient to allow competing non-radiative processes. Specifically the quenching occurring
above 150 K has been attributed to ionisation to the conduction band [158].
The large temperature variation in lifetime with temperature may be of application for fibre
optic temperature sensing. Fibre optical temperature sensing is used when conditions, such
as magnetic, electric and microwave fields mean measurement with electrical temperature
sensors is not possible.
9.3.4 Discussion of optical spectroscopy
There is clear evidence of Sm3+ luminescence in the material from 16000 - 18000 cm−1
[132,163,164,172]. Previous work on CaF2:Sm has noted difficulties in getting a single valence
state of the samarium ion [130, 162, 165, 172], and in fact Royce et al. [165] estimate that at 200
◦C the thermal energy is sufficient to allow Sm2+ conversion to Sm3+. In studying the valence
state of samarium ions in oxide lattices, Mikhail et al. [173] noted one needs to make sure
there are only sites of an appropriate size and charge for Sm2+ and not Sm3+. They found
that while they could form Sm2+ in SrB4O7:Sm2+, substituting the Sr2+ cation for Ba2+, Ca2+,
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Table 9.2: The crystal radii of Ba2+, Sr2+, Ca2+, Sm2+, Sm3+, Eu2+ and Eu3+ ions. Data from
references [120, 121]. In the fluorite structures cations have a co-ordination number of 8.
Ion Co-ordination number Crystal radius
Ba2+ 8 1.56
Sr2+ 8 1.4
Ca2+ 8 1.26
Sm2+ 8 1.41
Sm3+ 8 1.219
Eu2+ 8 1.39
Eu3+ 8 1.206
Pb2+, or Cd2+ lead to only Sm3+ ions being present. They also found the preferred valence
state to depend on the local geometry [173]. Various reduction techniques were used in an
attempt to obtain only the divalent state of samarium, however, all techniques resulted in
a mixture of valence states or only the trivalent state (if annealed in an inert or reducing
atmosphere). This is in stark contrast to the similar materials LSCBC and Ba0.3Sr0.7Cl2 where
the Sm3+ ions were reduced to Sm2+ without any attempt create a reducing atmosphere.The
crystal radii of Ba2+, Sr2+, Ca2+, Sm3+ and Sm2+ ions are listed in table 9.2.
From table 9.2 we can see that Sm3+ and Ca2+ have very similar radii and in fact are a much
better match than Sm2+ and Ca2+. The opposite is true in LSCBC and Ba0.7Sr0.3Cl2. The main
cations Ba2+ and Sr2+ are closer to the Sm2+ radius so this will preferentially form. In CaF2
the Sm3+ can be charge compensated by a F− interstitial; these F− interstitials are known to
fit and occur in alkaline earth halide lattices [138]. That the trivalent ion preferentially forms
because of lattice strain and constraints fits with the observation that any annealing, even in
a reducing atmosphere, oxidises any Sm2+ ions present. The interstitial F− may be provided
from the PbF2 oxygen scavenger added in the preparation process or from creating anion
vacancies elsewhere in the material. Samarium metal was used as the samarium ion dopant
as this gave a seemingly higher Sm2+:Sm3+ concentration ratio than techniques of a reducing
atmosphere or pre reducing SmF3. Any Sm2+ will be readily detectable by the strong 4f6
↔ 4f55d1 transitions even for very low concentrations [160]. The CaF2:Eu sample made in
the same way showed only Eu2+ luminescence. The ionic radii of europium ions are very
similar to samarium ions for both charge states, and so we would expect it form in a mixture
of valence states too. However the stability of the Eu2+ ion is slightly higher than that of
190 Chapter 9. Samarium doped calcium fluoride
(a)
(b) (c)
(d) (e)
Figure 9.16: Electron spin resonance spectra; (a) of an F center in CaF2 [174] measured at
300 K and with the magnetic field parallel to the <110> axis. The full recorded spectra for
(b) CaF2:Sm and (c) CaF2:Eu. Small section of the spectra for (d) CaF2:Sm and (e) CaF2:Eu
showing just the region of interest for an F centre. (b) - (e) were recorded with the magnetic
field parallel to the <100> axis.
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Sm2+ [125, 126]. Again the Eu2+ ion 4f7↔ 4f65d1 transitions will be much stronger than the
Eu3+ 4f6↔ 4f6 transitions potentially masking small concentrations of Eu3+ ions.
As the dopant used was a metal, one would expect the material to have many fluorine
vacancies. The metal is reduced via
Sm→ Sm2+ + 2e− (9.7)
or
Sm→ Sm3+ + 3e− (9.8)
thus adding cations to the melt but no anions are being added, so there must be anion
vacancies. The electrons from the reduction would likely fill the anion vacancies to provide
charge compensation and in doing so form F centres (electrons trapped at anion vacancies).
To look for F centres we recorded ESR spectra of both europium and samarium doped
materials. Figure 9.16(a) shows the ESR signal expected for a F centre in CaF2 as reported
by Arends [174]. The recorded ESR signals of CaF2:Eu and CaF2:Sm are shown in figure
9.16. The samarium doped material shows no signal other than a weak resonance of the
cavity. The europium doped material shows only transitions corresponding to Eu2+ and no F
centres. Further, F centres would be expected to show optical absorption at ∼ 375 nm [174],
but no such absorption is observed. Pairs of F centres, called M centres, would show no ESR
signal due to exchange coupling leaving a singlet lowest state. But should still show optical
absorption at ∼ 552 nm [138].
Thus the mechanism by which the reduction of samarium metal to Sm2+ and Sm3+ ions in
CaF2 take place is as follows. As discussed in chapters 7 and 8 we suppose that the flow
through gas system in the furnace is subject to small air leaks. As the temperature rises to
over 150 ◦C the samarium metal is oxidised.
4Sm+ 3O2 → 2Sm2O3 (9.9)
We thus has a trivalent dopant. At higher temperatures the trivalent samarium is partially
reduced by the CO atmosphere due to the reaction of the carbon and the leak induced
192 Chapter 9. Samarium doped calcium fluoride
oxygen.
9.4 X-ray response
9.4.1 Radioluminescence
Figure 9.17 shows the radioluminescence of CaF2:Sm for samarium concentration of 0.01
%, 0.1 % and 1 %. The radioluminescence shows the Sm2+ and Sm3+ emissions seen in the
photoluminescence. A new very broad blue emission is also seen. The blue emission is
well documented as a self trapped exciton (STE) recombination luminescence [175, 176]. The
intensity of this emission decreases with samarium concentration as the emission overlaps
with the absorption of the samarium ions for both charge states. The Sm3+ emission is much
stronger relative to the Sm2+ emission under x-ray excitation compared to photoexcitation.
In studying the thermally stimulated luminescence of CaF2:Sm, Royce et al. [165] noted it
was feasible for a Sm2+ ion to capture a hole after x-ray excitation, leading to a Sm3+ ion in
an excited state. This Sm3+ could then return to the ground state by a radiative process. The
intensity of the radioluminescence was constant over irradiations of up to fifteen minutes.
If this process were occurring the Sm2+ emission should decrease in intensity, but this was
not observed. The radioluminescence of CaF2:Sm (1 %) shows no STE emission and no Sm3+
luminescence, most likely due to concentration quenching.
9.4.2 Scintillation
The material shows clear scintillation. Figure 9.18 shows an average of 5000 scintillation
events for CaF2:Sm for both 0.1 % and 0.01 % samarium concentration. These were recorded
at room temperature on the fast oscilloscope; a background spectrum with no scintillator
is shown for comparison. The scintillation profiles clearly show two lifetimes and, as such,
have been fitted with double exponential decays (with baselines). The parameters of the
fitted profiles are given in table 9.3.
The faster component (∼ 60 ns), is likely from the Sm2+ ions and is similar to that observed
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Figure 9.17: Radioluminescence of CaF2:Sm for various samarium concentrations, recorded
with a tungsten tube operated at 30 kV and 35 mA at room temperature.
(a) (b)
Figure 9.18: Scintillation decays for CaF2:Sm with (a) 0.01 % samarium and (b) 0.1 % samar-
ium. The profiles are an average of 5000 events. The profiles have been fitted with double
exponential decays, the parameters of which are presented in table 9.3. The γ-ray source was
137Cs.
Table 9.3: Parameters of double exponential decays fitted to scintillation profiles.
% samarium τ1 (ns) τ2 (ns) integrated intensity ratio (A1τ1A2τ2 )
0.1 58 870 0.72
0.01 67 970 0.13
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(a) (b)
Figure 9.19: (a) Pulse height analysis spectra of CaF2:Sm of various concentrations compared
to NaI(Tl). (b) Pulse height analysis spectra of CaF2:Sm (0.1 %) at 296 K and 235 K. For both
spectra an integration time of 7 µs was used and 137Cs was used as the γ-ray source (0.66
MeV). In (a) a correction for the spectral response for the R5929 photomultiplier has been
made and ”No scintillator” refers to recording the effect of the γ-ray interaction with the
photomultiplier tube.
under photoexcitation. The Sm3+ photoluminescence has a ∼ 10 ms decay time [132] so
cannot be seen on scintillation time scale. Therefore the longer component is likely the blue
STE emission contribution, as this contribution follows the relative intensities of the STE and
Sm2+ radioluminescence in the two samples. The STE in CaF2 has a multicomponent long (>
50 µs) decay time [176], however the decay would likely decrease with rare earth doping as
this provides different relaxation routes.
The pulse height spectrum recorded for CaF2:Sm is shown in figure 9.19(a). There is no clear
photo peak for the CaF2:Sm samples. The relatively low atomic numbers of calcium and
fluorine mean the Compton effect dominates the photoelectric effect and a photo peak is
unlikely to be seen. This has been noted for CaF2:Eu2+ [166, 167].
The light output at room temperature is ∼ 6000 photons/MeV. However, on cooling the light
output increases substantially. Figure 9.19(b) shows the change in PHA spectrum for a 0.1
% Sm CaF2 sample on cooling from room temperature to 235 K. The x-intercept increases
by a factor of 2.5, this leads to an estimated light output of ∼ 15,000 photons/MeV at 235 K.
The area under the curve increases by an even larger factor, there is now ∼ 1000 times more
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(a) (b)
(c) (d)
Figure 9.20: (a) X-ray image of 8 pin integrated circuit chip taken using CaF2:Sm (0.1 %) and
(b) optical image. (c) X-ray image of a transistor taken using CaF2:Sm (0.01 %) and (d) and
optical image (d). The x-ray images were taken using a dental x-ray set with a maximum
x-ray energy of 70 keV. Both samples were 1 mm thick.
light being emitted. Cooling to 235 K was achieved using dry ice. Dry ice is inexpensive and
readily available, and it would be feasible to operate the scintillator at 235 K in applications
requiring a higher light output.
9.5 X-ray imaging
CaF2:Sm can be used as an x-ray phosphor in x-ray imaging. Figure 9.20 shows images of
an 8-pin integrated circuit (IC) chip and a transistor. In both the internal structure can be
seen. Figure 9.21 shows the x-ray image of a standard lead grid (Nuclear Associates 07-553,
0.05 mm thick), taken using CaF2:Sm (0.1 %) and recorded with the CCD camera. The spatial
resolution (line pairs per millimetre(LP/mm)) of the grid are indicated in figure 9.21, and
approximately 8.5 LP/mm can be resolved by eye.
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9.6 Summary
Large single crystals of CaF2:Sm and CaF2:Eu were produced. These were made by simply
melting and cooling the constituent chemicals in a furnace. The CaF2:Sm materials showed
evidence of both Sm2+ ions and Sm3+ ions. The Sm2+ ion luminescence has a fast (∼ 50 ns)
lifetime under UV excitation. The radioluminescence spectra consist of samarium emissions
as well as a self trapped exciton emission. The materials show scintillation, and there is a
fast (< 100 ns) component and a slower (∼ 1 µs) component. The light output under γ-ray
excitation is estimated to be 15,000 photons/MeV when the sample is cooled to 235 K. The
materials can be used as x-ray phosphors to form x-ray images. The spatial resolution is
high; up to 8.5 LP/mm could be resolved on an x-ray image of a standard lead grid. No
charge conversion was observed under x-irradiation. In conclusion, CaF2:Sm2+ is an efficient
red-emitting scintillator which has a decay time of ≤ 1 µs and high light output of 15,000
photons/MeV when cooled by dry ice. Thus CaF2:Sm may find application either in γ-ray or
β-particle detection systems.
Figure 9.21: X-ray image of standard lead grid (Nuclear Associates 07-553, 0.05 mm thick).
The x-ray image was taken with a CaF2:Sm (0.1 %) sample which was 1 mm thick. Some
LP/mm markings are indicated in white.
Chapter 10
Conclusions and outlook
10.1 Conclusions
A time correlated single photon counting system for recording scintillation decays has been
built. The system was demonstrated to accurately record scintillation decays for a range of
decay times (2.6 ns to 1600 ns). In particular the scintillation decay of a commercial NE102
scintillator was recorded and a decay time of 2.5 ns obtained; this was in close agreement to
the 2.4 ns specified by the manufacturer [51]. For NaI(Tl) the recorded decay time of 236 ns
was also a close match to the manufacturers specification of 237 ns [105]. The decay recorded
for a Ba0.3Sr0.7Cl2:Eu2+ developmental scintillator, which was not as bright as a commercial
material, showed dramatically improved dynamic range and signal to noise ratio compared
to measurements made using a fast oscilloscope.
The scintillator properties of three main materials were investigated, these were LSCBC:Sm2+,
Ba0.3Sr0.7Cl2:Sm2+ and CaF2:Sm2+. The emission of Sm2+ ions in each crystal is in the red spec-
tral region and is well matched to the response of silicon photodiode photodetectors.
The emphasis in the thesis was on cubic structured materials since these are optically isotropic,
and so, form the basis for low-cost polycrystalline host for rare earth doped scintillators.
It was shown that the lanthanum stabilised cubic barium chloride (LSCBC) lattice could
accommodate an additional 10 % cation substitution for samarium ions while retaining
the cubic phase. It was also found that, 12.5 % doping with PrCl3 stabilised the cubic
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phase of BaCl2, in the same way as La3+. It was demonstrated that the SrCl2 lattice easily
accommodates up to 30 % cation substitution of Sr2+ for Ba2+while retaining the cubic phase,
and in addition rare earth ions can easily be incorporated into the lattice. Highly transparent
samples of LSCBC, PSCBC and Ba0.3Sr0.7Cl2 were produced.
Large single crystals of CaF2 have been produced without the use of sophisticated equipment.
Single crystals are normally only able to be grown by Bridgman-Stockbarger technique or
Czochralski process.
Sm2+ was the primary rare earth dopant investigated. The temperature dependence of the
photoluminescence intensity and lifetimes of Sm2+ ions in LSCBC and Ba0.3Sr0.7Cl2 was
recorded. This was well described by a simple simulation which provided insight into the
thermal processes which control the photoluminescence, and in particular the dramatic
thermal crossover from broadband 4f55d1→ 4f6 transitions to sharp line 4f6→ 4f6 transitions.
The LSCBC:Sm2+ and Ba0.3Sr0.7Cl2:Sm2+ absorption and emission spectra could be fully
described by a single site of Oh symmetry showing there is no close association between the
Sm2+ ions and the extra Cl− ions implicit due to doping with SmCl3.
There was no evidence of Sm3+ in LSCBC or Ba0.3Sr0.7Cl2, showing these lattices accom-
modate (and favour) the divalent ion. It was argued that the production process used is
reducing in character which also favours the divalent oxidation state. Contrastingly, the
photoluminescence spectra of CaF2:Sm showed clear evidence of both Sm2+ and Sm3+. The
difference was attributed to the differences in ionic radii; the crystal radius of Sm3+ is much
closer to that of Ca2+ than the crystal radius of Sm2+ compared to Ca2+. In LSCBC and
Ba0.3Sr0.7Cl2 the cation crystal radii are much closer to that of Sm2+ than Sm3+.
Across all three materials significant colour centre generation was observed under ionising
radiation. This had the effect of slowing the scintillation lifetimes. In LSCBC:Sm2+ the scintil-
lation luminescence occurred over >100 µs; this was attributed to colour centre generation
providing shallow traps and hence delayed luminescence. A trapping model was suggested
to explain the results.
Despite colour centre generation limiting the scintillation of Ba0.3Sr0.7Cl2:Sm2+ the material
was shown to be a bright and fast x-ray phosphor. The integrated intensity (per x-ray
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half thickness of material) of the radioluminescence is ∼ 30 % that of Gd2O2S:Tb3+. The
scintillation lifetime is ∼ 30 µs compared to milliseconds for Gd2O2S:Tb3+. Used in a imaging
fashion the spatial resolution was significantly better than that of Gd2O2S:Tb3+.
Colour centre generation was observed for CaF2:Sm2+ also, however, it was still shown that
CaF2:Sm2+ is a red-emitting scintillator with a decay time of ≤ 1 µs. The light output was
shown to be ∼ 15,000 photons/MeV when cooled by dry ice. As the material was a single
crystal and very transparent the spatial resolution for x-ray imaging was very high at 8.5
LP/mm.
The neutron sensitivities of LSCBC:Sm and Ba0.3Sr0.7Cl2:RE (RE = Sm2+, Eu2+, Ce3+) were
tested for performance as neutron detecting phosphors. The materials were additionally
doped with neutron capture elements, such as gadolinium or lithium, to increase their
sensitivity. The strongest emission observed was for Ba0.3Sr0.7Cl2:Eu2+ and was 6 % that of
the standard material 6LiI(Eu2+). The strongest red-emitter was Ba0.3Sr0.7Cl2:Sm2+ sensitised
with 5 % lithium, however the lithium doping caused this material to have a mixture of cubic
and orthorhombic phases.
10.2 Outlook
With regard to the materials investigated in this thesis, there are several possibilities for
optimising the scintillator/phosphor properties. CaF2:Sm2+ showed good red scintillator
properties but these can likely be improved. The samarium concentration needs optimisation
for specific applications; increasing the samarium concentration may improve the scintillation
decay time by quenching the slower host lattice luminescence at a cost of a slightly decreased
light output. It would be interesting to try various dopants as a stabiliser of the divalent
samarium ion to increase the Sm2+:Sm3+ ratio and also to further investigate the reduction
process and effect of different samarium dopants. For example, it may be possible to quench
the lattice emission with a co-dopant; in some halides it has been shown that K+ doping can
be used to reduce the intrinsic luminescence [177]. CaF2:Sm2+ may find application in γ-ray
detection systems, as a β-particle detector, or as one element (the low Z component) of a
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phoswich. The strong temperature dependence of the photoluminescent lifetime may also be
of interest for a fibre optic temperature sensor.
Ba0.3Sr0.7Cl2:Sm2+ was successfully produced in transparent polycrystalline form, this pro-
cess was rapid and inexpensive. Work on forming a large transparent sheet of powdered
Ba0.3Sr0.7Cl2:Sm2+ in a refractive-index matched resin would make the material highly at-
tractive for imaging systems which require large detection areas. This material may find
application in integrated imaging techniques which currently use Gd2O2S:Tb3+ such as com-
puted tomography (CT) or security imaging. The high thermally stimulated luminescence
signal from Ba0.3Sr0.7Cl2:Eu2+ suggests that it could be used as a sensitive x-ray dosimeter,
but this requires further testing.
While a bright red emitting x-ray phosphor (Ba0.3Sr0.7Cl2:Sm2+) and a fast red emitting
scintillator (CaF2:Sm2+) have been found, a red emitting material in which the luminescence
is both bright and fast remains elusive. The work in this thesis indicates this is unlikely to be
achieved with Sm2+ as the luminescent centre; while a fast decay can be observed such as
in CaF2:Sm2+ this is due to a large fraction of the light being lost to non-radiative processes,
which decreases the efficiency of the scintillator. Of the rare earth ions that show allowed 5d
→ 4f transitions in the visible range, Ce3+ shows the most promise of providing a fast and
bright red-emitting luminescent centre. Dorenbos [81–85] has compiled extensive data on the
emission wavelength of Ce3+ in various crystals, this indicates the most viable area for red
emission is likely cerium doped oxides where the crystal field splitting is sufficient large to
push the lowest 5d1 levels into the red region. We carried out preliminary measurements on
the cubic materials CaO:Ce3+, SrO:Ce3+ and BaO:Ce3+; all showed fast red emission but this
was very weak. There is some evidence that this could be sensitized with co-doping [178,179].
Finding a cubic system with a strong crystal field in a narrow band gap material such a group
II - group VI (VI = S, Se, Te) materials may also lead to a high efficiency material.
The neutron response of the materials investigated would likely increase with enriched
neutron sensitive dopants. Optimisation of the neutron capture element doping to give
materials with higher transparency would also increase the light output.
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Appendices

Appendix A
Neutron sensitivity
A.1 Neutron scintillators
As with x-rays and γ-rays, neutrons are also useful in applications such as non destructive
testing, e.g. for imaging organics and detection of radioactive elements. While the outcome
is similar (a pulse of light out for incident radiation) the particle-solid interaction have
differences. Neutrons are uncharged particles like photons, and so they do not interact
with the electromagnetic field. In general free charge carriers can either be created by direct
collisions with nuclei which sufficiently displace the nucleus or by nuclear reactions occurring
within the material. This thesis solely focuses on thermal neutrons which have an energy of
0.025 eV; this is insufficient to displace the nucleus enough to create free charge carriers so
the interaction must be by nuclear reactions. For neutron scintillators one wants to work with
materials which have a high probability of reacting with the neutron, as characterised by the
neutron capture cross section. A commonly used reaction is the radiative capture reaction
(n,γ) such as that of gadolinium:
155Gd+10 n→156 Gd+ γ (A.1)
157Gd+10 n→158 Gd+ γ (A.2)
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Figure A.1: Neutron capture cross sections for thermal neutrons plotted against atomic
number [180].
These types of reactions generate γ-rays as the secondary product, which are often difficult to
detect as they are of very high energy. For example in the above reactions they can have an
energy of up to 6.5 MeV. Other options are neutron capture leading to proton or α-particle
emission ((n,p) and (n,α) reactions), and these are frequently used as they give charged
particles which then interact strongly via the electromagnetic field in the material giving a
large number of free charge carriers which can then excite the luminescent centre. 6Li is a
material which has such a reaction:
6
3Li+
1
0 n→31 H + α (A.3)
The resulting tritium and α-particle have 4.8 MeV of kinetic energy to create ionization tracks
through the scintillator material. The cross sections for neutron absorption is very different
to that for x-rays or γ- rays. Neutrons are more likely to be absorbed or scattered by the
lighter larger elements such as lithium and hydrogen; figure A.1 shows the capture cross
section variation as the atomic number increases. This means neutron imaging can be used a
complimentary technique to, or instead of, x-ray or γ-ray imaging, as it is sensitive to very
different elements. The attenuation of an incident beam I0 incident on a material of thickness
z is given by where N is the concentration of target atoms and σ the capture or scattering
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reaction cross section.
Much like γ-ray scintillation, neutron scintillators have key performance indicators such as a
high neutron sensitivity, a low γ-ray sensitivity, a high light yield, a fast lifetime, transparency
and ease of production. Often neutron-scintillators can be created from γ-ray scintillators with
added elements of high neutron capture cross sections; these are called neutron sensitizers
(commonly lithium, boron or gadolinium is used). Here we investigate the neutron responses
of LSCBC:Sm and Ba0.3Sr0.7Cl2:RE (RE = Sm, Eu or Ce), both with and without additional
neutron sensitiser dopants. Samarium and europium both have high neutron capture cross
sections as seen in figure A.1, so we expect the samarium and europium doped materials
to be neutron sensitive without additional co-doping. For the samarium doped materials
we expect broad red luminescence as for the photoluminescence and radioluminescence.
As for γ-ray detection, a red emission is desirable to match the spectral response of silicon
photodiodes.
A.2 Neutron sensitised lanthanum stabilised cubic barium
chloride
A.2.1 Structure
Samples of LSCBC:Sm were prepared, and some were additionally doped with LiCl or GdCl3
in order to increase neutron sensitivity by adding anhydrous LiCl or GdCl3 to the starting
materials. Figure A.2 shows the XRD patterns for various samples attempted. The patterns
are indicative of the cubic fluorite structure for LSCBC:Sm and for LSCBC:Sm co-doped with
3 % Gd3+. The higher concentration (5 %) of Gd3+ ions and both concentrations of Li+ ions (3
% and 5 %) resulted in a mixed phase materials as indicated by by the multitude of lines in
the XRD patterns. There are large differences between the Gd3+ ion and and Li+ ion; first
the charge, Gd3+ is trivalent and Li+ is monovalent. Secondly the Gd3+ ion has a crystal
ionic radius of 1.078 A˚ compared to 0.900 A˚ of the Li+ ion [120, 121]. This is a better match to
the Ba2+ and La3+ ions with radii of 1.032 A˚ and 1.35 A˚ respectively [120, 121]. So it is not
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Figure A.2: Powder XRD patterns of LSCBC neutron sensitized samples. The lower four
patterns are cubic while the upper three are orthorhombic.
surprising to find small amounts of Gd3+ ions can be accommodated in the LSCBC lattice
while the same fraction of Li+ ions causes a phase separation.
A.2.2 X-ray response
Figure A.3 shows the radioluminescence of the samples prepared for neutron sensitivity
tests. The emissions from the cubic materials match those seen earlier in this chapter. For
the non-cubic materials, the radioluminescence spectra are all similar and are dominated by
sharp line emissions. This is the emission seen for Sm2+ ion in orthorhombic BaCl2 [127] and
is consistent with the XRD patterns in figure A.2. There is a sharp line emission observable in
the gadolinium doped samples at 311 nm. This is a characteristic emission of Gd3+ (6P7/2→
8S7/2) [68]; it appears weaker in the sample of higher gadolinium concentration only because
the spectra have each been normalised and the sharp line orthorhombic BaCl2:Sm2+ emission
has a much higher peak intensity than the broad band emission in the cubic material.
A.2.3 Neutron response
The light output under neutron irradiation was measured as described in chapter 5 wherever
the intensity was sufficient to make a meaningful measurement. The relative sensitivities
compared to 6LiI(Eu2+) (a commercial material) are tabulated in table A.1. The 6LiI(Eu2+)
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Figure A.3: Normalised radioluminescence of neutron sensitized samples, offset for clarity.
The spectra were recorded under x-irradiation by a copper tube operated at 35 kV, and with a
2 mm aluminium filter.
Table A.1: Summary of luminescent ion, additional neutron sensitiser, crystal structure,
neutron response relative to that of 6LiI(Eu2+) and fitted afterglow exponential decay time
constant. The afterglow time is based on the fitted exponential decay to the light output after
the shutter was closed. The neutron sensitiser percentages correspond to natural abundances
not enriched materials.
Sm % n sensitiser % Structure n sensitivity Afterglow
10 cubic
0.2 cubic 0.6 % 2.5 ms
0.1 cubic 1.5 % 6.5 ms
0.1 Gd 3 % cubic 2.1 % 6.5 ms
0.1 Li 3 % mixed 0.3 %
0.1 Gd 5 % mixed 0.6 %
0.1 Li 5 % mixed 0.3 %
scintillator has been doped with enriched lithium (with a higher fraction of 6Li) which makes
it highly sensitive, our materials have only the natural abundances of the neutron sensitive
isotopes. The afterglow was recorded and fitted as described by Bartle et al. [98]. Table A.1
also notes the structure and the afterglow.
Doping with gadolinium increased the sensitivity slightly, however not as much as one
would expect for the 3 % gadolinium added. This is likely due to the γ-rays emitted in the
nuclear capture reaction being of too high an energy and passing right through the material
without being absorbed. For samarium doping, as with radioluminescence, the 0.1 % sample
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showed a higher light output than the 0.2 % sample with outputs of 1.5 % and 0.6 % that of
commercial material 6LiI(Eu2+) . The increase in samarium concentration would increase the
neutron capture rate substantially, but this must be offset by a significant self absorption as
the light output decreases. This is in line with the concentration quenching observed for the
x-ray luminescence. Lithium co-doping resulted in a non-transparent material with different
emission so the results are not comparable. Figure A.4 shows an example of the change in the
output of the PMT coupled to a Sm2+ and Gd3+ co-doped sample with the shutter open and
shut corresponding to neutron irradiation and the background signal. One can see that there
is a significant change in signal despite the light output being only 2.1 % that of 6LiI(Eu2+) ,
this may show improvement with the use of enriched gadolinium.
A.3 Neutron sensitised Ba0.3Sr0.7Cl2:RE (RE = Sm, Eu or Ce)
A.3.1 Structure
Samples of Ba0.3Sr0.7Cl2 doped with samarium, europium or cerium as a luminescent ion and
some additionally doped with lithium or gadolinium in order to increase neutron sensitivity
were produced. Lithium or gadolinium doping was achieved by adding 3 - 5 mole % of
LiCl or GdCl3 to the materials before melting. Figure A.5 shows the XRD patterns for
Figure A.4: Example of the response to the neutron beam and the fitting of an afterglow
profile. This is for a Sm2+ (0.1 %) and Gd3+ (3 %) co-doped LSCBC sample.
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Figure A.5: Powder x-ray diffraction patterns of various neutron sensitised Ba0.3Sr0.7Cl2:RE
(RE = Sm, Eu or Ce) samples.
various samples produced. As for LSCBC:Sm it can be seen that additional doping with
lithium results in a non-cubic material. Samples doped with europium or samarium and 3 %
gadolinium formed in the cubic phase but the cerium doped sample with an additional 3 %
gadolinium shows evidence of the orthorhombic phase. As cerium is trivalent compared to
divalent europium and samarium ions it may be that the lattice can accommodate up to 3 %
trivalent ions but not 4 % .
A.3.2 X-ray sensitivity
Figure A.6 shows the radioluminescence of the samples prepared for neutron sensitivity tests.
The emissions match those seen earlier in this chapter except for the lithium doped materials
in which we see sharp line emission at room temperature. This was also seen in LSCBC:Sm
and by comparison with reference [181] it corresponds to the emission of Sm2+ ions in the
orthorhombic phase of BaCl2. As in the case for LSCBC:Sm a sharp line emission is present
in the gadolinium doped samples at 311 nm, this a characteristic 6P7/2→ 8S7/2 emission of
the Gd3+ ion [68]. It appears much stronger in the samarium sample than europium as it is
dwarfed by the strong europium emission in the normalised spectra.
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Figure A.6: Normalised radioluminescence of various neutron sensitised samples, offset for
clarity.
A.3.3 Neutron sensitivity
The light output under neutron irradiation was measured as described in chapter 5. The
relative sensitivities compared to 6LiI(Eu2+) are tabulated in table A.2. This table also notes
the structure and afterglow.
For samarium doping, as with radioluminescence the 0.1 % sample had higher light output
than the 1.0 % samarium (without additional neutron activator, note samarium is neutron
sensitive itself) with outputs of 1.2 % and 0.1 % that of commercial material 6LiI(Eu2+).
Lithium co-doping resulting in a non-transparent material with different emission so the
results are not comparable. Gadolinium co-doping (3 %) did not increase the light output.
Either the γ rays were too higher energy and passed right through or it was insignificant
increase on samarium sensitivity. Europium doped Ba0.3Sr0.7Cl2 gave the best result overall,
with just 0.5 % europium this gave 6 % the light output of 6LiI(Eu2+). The addition of 3 %
Gd3+ resulted in slightly lower light output (4.9 % 6LiI(Eu2+)) but this is most likely due to a
slightly lowered optical quality.
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Table A.2: Summary of luminescent ion, additional neutron sensitiser, crystal structure,
neutron response relative to that of 6LiI(Eu2+) and fitted afterglow exponential decay time
constant. The neutron sensitiser percentages correspond to natural abundances not enriched
materials.
Lum. ion (%) n sensitiser % Structure n sensitivity Afterglow
Sm (0.1 %) cubic 3.6 % 2 ms
Sm (1.0 %) cubic 0.3 %
Sm (0.1 %) LiF 6 % other 3 % 3 ms
Sm (0.1 %) LiCl 5 % cubic and ortho. 5.4% 4 ms
Sm (0.1 %) GdCl3 3 % cubic 3.3 % 1.5 ms
Eu (0.5 %) cubic 6 % < 1 ms
Eu (0.5 %) GdCl3 3 % cubic 4.9% 1.7
Ce (0.2 %) cubic 0.1 %
Ce (2.0 %) cubic 0.6 %
Ce (1.0 %) GdCl3 3 % cubic and ortho. 1.3 %
Figure A.7 shows an example of the change in the output of the PMT coupled to a samarium
and gadolinium co-doped sample with the shutter open and shut corresponding to neutron
irradiation and background. It also shows the afterglow profile after the shutter is closed.
One can see that while the light output was orders of magnitude less than that of LiI(Eu)
there is a significant change in signal. The afterglow is relatively low, being well fitted by a
decay constant of 1.5 ms. One can see that there is a significant change in signal despite the
light output being only 2.1 % that of 6LiI(Eu2+), this may show improvement with the use of
enriched gadolinium.
Figure A.7: Example of response to neutron beam of a Sm2+ and Gd3+ co-doped sample
of Ba0.3Sr0.7Cl2. The afterglow profile after the shutter has closed has been fitted with an
exponential decay with a decay constant of 1.5 ms.
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